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                                                   Abstract 
The present study is concerned with the mechanism of growth of porous anodic films 
formed on high purity aluminium and sputtering deposited aluminium over a wide range 
of current density between 5 to 50 mA/cm2 for times up to 5400 s in 24.5 wt % sulphuric 
acid and at temperatures of either 0 or 20 0C. The resultant films were examined using 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
Rutherford backscattering spectroscopy (RBS), nuclear reaction analysis (NRA), optical 
interferometery, microhardness and nanoindentation.
The RBS analysis enabled determination of the composition of the porous films, which 
was expressed as Al2O3.xAl2(SO4)3, with the sulphur species content increasing with 
increase in current density and decrease in temperature. The average expansion factor 
(expressing, the ratio of the film thickness to the oxidized aluminium thickness) increased 
between 5 mA/cm2 and 50 mA/cm2 for films formed at 0 0C, extending from 1.58 to 1.88 
and from 1.57 to 1.78 according to SEM and TEM respectively. For films fabricated at 20 
0C, the average expansion factor increased from 1.45 to 1.66 and from 1.42 to 1.67 
derived from SEM and TEM respectively. The expansion factor increases as the current 
density increases for both temperatures, and decreases as electrolyte temperature for a 
given current density increases. The increase of expansion factor is also associated with a 
rise in the steady voltage during film growth. However, the film expansion does not 
depend on the anodizing time. The increase in expansion factor correlates with a small 
increase in the amount of sulphur in the film, which increases with rise of current density. 
The surface of the porous alumina revealed a network of furrows and ridges, reflecting 
the pattern of the cellular textures on the topography of the elecropolished aluminium. 
The retention of topography indicates that the thinning of the film due to chemical 
dissolution by the electrolyte is negligible, although softening of the film toward the film 
surface increases with rise of electrolyte temperature and anodizing time as determined 
by microhardness measurements on film cross-sections. For films fabricated at 0 0C, 
nodules appeared with a low population density on the film surfaces formed at 20 
mA/cm2 for 5400 s, and a locally high population density, but non-uniform distribution, 
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for films formed at 30 to 50 mA/cm2 for a wide range of anodizing times. NRA 
determined the oxygen concentrations in the films, from which the efficiency of the film 
grown was derived. The efficiency showed a correlation with the expansion factor, with 
values increasing with rise of current density and with decrease in the anodizing 
temperature, ranging from 72 % to 87 % between 5 mA/cm2 and 50 mA/cm2, for an 
electrolyte temperature of 0 0C, and between 66 % to 75 %, for the same range of current 
density, for an electrolyte temperature of 20 0C. The change in the relative film thickness 
with a change of the anodizing conditions might due to either a rise in the film porosity 
under a constant efficiency of film growth (assuming a flow model) or an increase in the 
efficiency of film growth for a constant film porosity (for either a flow or dissolution 
model), or a combination of the two factors. However, the film expansion appeared to be 
relatively little dependent on the change of the porosity over selected anodizing 
conditions. The dependence of the efficiency on the anodizing conditions is possibly 
associated with a change in the transport number of ion species in the film with a 
reducing contribution of cation migration to the total ionic current with an increase in the 
current density and in decrease of the anodizing temperature, which correspond to 
conditions of increasing electric field. The film porosity probably develops by flow of 
film material underneath the pore base toward the cell wall, as indicated by distribution 
of tungsten band through the film and distribution of electrolyte species from previous 
work, with the displaced material enhancing the thickness of the film.  
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                                                         Chapter 1  
                                          Introduction and literature survey   
Introduction 
Anodic films are usually grown on so-called valve metals i.e. Al, Ta, Sb, Nb, Mo, Bi, Hf, 
Ti, Zr and W by anodic polarization in convenient electrolytes under high electrical field. 
The anodic films formed in aqueous electrolytes are primarily consisted of oxides. 
Anodic oxides such as Al2O3, Ta2O5, and Nb2O3 are amorphous while ZrO2 and TiO2
may be crystalline. 
They present poorly electronically conducting passive films on the metal surface which 
are grown by the reaction between the metal and the oxygen in the atmosphere. The 
passive films are very thin with thickness of around 1-5 nm. During anodizing, the 
passive film thickens on the anode surface by counter ionic migration which is promoted 
by high electric field. Consequently, the passive film thickness increases at the 
aluminium/film interface due to inward migration of O2- ions and at film/electrolyte 
interface as result of outward migration of Al3+ ions under high electric field. The anodic 
films are usually not pure but contaminated by incorporated anions species which are 
derived from the anodizing electrolytes. The amount of incorporated anions species is 
affected by anodizing conditions such as current density, temperature, time of anodizing 
and electrolyte type and its concentration. Interestingly, the anodic films grown on 
aluminium are divided into two main sorts associated with electrolytes; barrier-type films 
usually grow in weakly alkaline and nearly-neutral electrolytes i.e. ammonium 
pentaborate and boric acid. Porous-type films are fabricated in electrolytes which have 
appreciable solubility for aluminium ions i.e. moderately strong acids in practise, but 
relatively alkaline electrolytes can also be used. The growth mechanism of two kinds of 
the films are relatively similar, however the films have different morphologies due to 
electrolyte-dependent processes happening at the film/electrolyte interface. The porous-
type films are thicker and can grow to hundreds of µm, and duplex have a morphology 
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consisting of a thin compact barrier region and a thicker porous region. These porous 
films are utilized for nanotechnology (magnetic, electronic and optoelectronic devices), 
corrosion protection, wear resistance, decoration and adhesion bonding.  The barrier-type 
films are thin and can grow to hundreds of nm and are composed of non-porous material 
which enables their use in electronic devices, i.e. capacitors.  
Aluminium is a nonsparking, nonmagnetic, lightweight, soft, and malleable metal with 
yield strength of 7-11 MPa whereas that of its alloys lies in the range 200 to 600 MPa. 
Aluminium and its alloys can be used in a wide range of applications i.e. domestic 
appliances, electrical, packaging, transport and construction, for example use of 
aluminium in transport can decrease the fuel consumption and hence the emissions of 
CO2 due to lightweight. However this alternative use of aluminium is limited by the 
safety, which is related to its strength. Therefore modification of the properties of 
aluminium, such as strength, can be achieved by adding one or more alloying elements to 
aluminium. In general the passive film on aluminium is not sufficient to protect from 
corrosion, due to the presence of flaws. Therefore, application of porous anodic films is 
often necessary to promote corrosion protection of aluminium and its alloys. 
Objectives 
The target of the present study is to give insight on the mechanism of formation of porous 
anodic films on the aluminium in 24.5 wt % sulphuric acid for a wide range of current 
densities and anodizing times, with consideration also of mechanical properties, 
particularly hardness and elastic modulus. The work focuses on determination of the 
dependence of the volume expansion factor of the film (the ratio of the film thickness to 
the oxidized aluminium thickness) on the conditions of anodizing. Further, the volume 
expansion factor is considered in relation to the efficiency of anodizing, which was 
determined from studies of the film composition by ion beam analyses.        
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1-1  Barrier-Type Anodic Films 
  
1-1.1  Morphology of barrier-type film 
Barrier-type films grown on aluminium are generally featureless and of uniform 
thickness. These films can be formed in electrolytes in which the formed oxide is 
essentially insoluble; for instance, boric acid, ammonium borate or tartrate aqueous 
solutions (pH 5-7), ammonium tetraborate in ethylene glycol and many organic solutions, 
such as citric malic and glycolic acids. Franklin[1] and Keller, Hunter[2] and Stirland and 
Bicknell[3] said that pore-like morphologies may form due to preferential dissolution at 
the outer surface. Vijh[4] showed a very fine “granular” morphology in films formed in 
slightly alkaline borate solution at room temperature and a porous morphology at higher 
temperatures. 
 Infrared spectroscopy and transmission electron microscopy techniques have been 
utilized by Dorsey[5,6] who showed that the film grown in 2 M boric acid (pH 4.5) at 60 
0C consists of a duplex layer. In films formed in borate electrolyte (pH 9.7), Leach and 
Neufeld[7] revealed, at ambient temperature, that a typical barrier morphology was 
produced, which changes to porous morphology at higher temperature. Takahashi and 
Nagayama[8], Hoar and Yahalom[9] and Choo and Devereux[10] examined films grown in 
borate and tartrate electrolytes after long periods of anodizing at constant potential. They 
reported similar porous morphologies in the resultant films. 
Flaws or weak spots are always present in the barrier-type films, as confirmed by the 
investigation of Renshaw[11] for anodic films grown in 3 % tartric acid, for which they 
demonstrated the existence of flaws consisting of low ionic resistance pathways through 
the film. The content or number of active flaws depends on the anodizing conditions. 
Richardson and Wood,[12,13] using optical scanning electron microscopy, showed the 
presence of flaws with diameter of 100 nm in barrier-type films. The density of the flaws 
is about 108 /m2, and the flaw size extends from 2 to 200 nm. 
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Furneaux, Thompson and Wood[14], using transmission electron microscopy of 
ultramicrotomed sections of the film material, observed that films are relatively uniform 
in thickness, compact and featureless, contrary to Franklin[15] who studied barrier films 
formed in a boric acid-borate electrolyte at 293 K to high voltage, revealing that a cellular 
structure is present in such films. The film consists of three types of material, a majority 
amorphous alumina, with different extents of crystallinity and hydrated alumina as an 
outer layer. The proportions of the three types of material changed according to 
electrolyte temperature. 
Later Thompson, Shimizu, Tajima and Wood[16], for anodic barrier-type film grown on 
aluminium in aqueous ammonium borate electrolytes at room temperature, found local 
regions containing γ´-crystalline alumina surrounding flaws. When the anodizing voltage 
reaches about 100 V, the formation of crystalline alumina islands is fast and increases 
with increase of the anodizing voltage. The islands of crystalline alumina were thought to 
form by a thermal conversion of the original barrier film, formed by ionic transport, due 
to local Joule heating effects. The density and radial growth of crystalline alumina islands 
are affected by increase of the bulk temperature of the electrolyte, but does not depend 
upon the electrolyte concentration and anodizing current density. Typical flaw, and 
resultant enveloping crystalline island population densities, are approximately 2.4 x 1012
/m2 which decreases to 3.7 x 1011 and 109 /m2 by cleaning and electropolishing pre-
treatments of the aluminium substrate respectively. This evaluation of the flaws density 
agrees with estimated values obtained by Shimizu and Tajima[17] and Thompson, Shimizu 
and Wood[18] . 
Richardson, Wood and Sutton[19] reported that flaws divide into two types; residual flaws 
arising from regions of impurity segregation on the substrate surface, and mechanical 
flaws that are generated from structural defects, for instance relatively rough regions of 
the substrate surface or scratches. They revealed that the population density of the flaws 
extends between 108 to 1014 /m2, with flaw diameters between 1 and 400 nm. Work by 
Janik-Czachor[20], showed that the flaws have different sizes, shapes and densities. 
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Vermilyea[21,22], for films formed on aluminium and tantalum, found that the population 
density of the flaws is directly affected by the smoothness and degree of roughness of the 
substrate surface, with the lowest flaw density obtained when the substrate surface is 
electropolished. However, the highest value of the flaw population density is in range 
108- 1012 /m2 and the effective diameter is 300 nm for a film of thickness 240 nm.       
1-1.2  Composition of barrier-type film 
Anodic oxide films are composed of aluminium and oxygen. However, characteristic 
anions of the forming electrolytes are incorporated into both porous-type and barrier-type 
films. In films formed in phosphoric acid electrolytes, radioactive tracer techniques,  used 
by Randall and Bernard[23], showed the presence of a phosphate free-one third of the film 
near the metal/film interface. The ratio was 1 : 2 of anion free material to film material 
containing anions. Konno et al[24], for films grown in phosphate solution found that the 
inner layer, at a depth of 60-75 nm, contains AlO1.5 or Al2O3, and the intermediate layer, 
at a depth of 20-50 nm, consists of AlO1.463 : (PO4)0.025, and the outer part at a depth of 5-
15 nm, comprises AlO1.09 : (OH)0.74 : (PO4)0.025. The film contains 4.7 % of PO43- as a 
general average. Radioactive tracer studies of Bernard[25] showed 1.0 wt % phosphate and 
boron in barrier-type films. Wood and Thompson[26], utilizing transmission electron 
microscopy of ultramicrotomed sections of barrier-type films grown in phosphate 
electrolytes, found that the outer region contains phosphate and the inner region is free of 
phosphate, in agreement with Rabbo et al[27].  
Konno, Kobayashi, Takahashi and Nagayama[28], using X-ray photoelectron spectroscopy 
(XPS) analysis of films grown in neutral borate electrolyte, found that the composition of 
the inner part is AlO1.5 (B2O3)0.027, whereas the outer region contains AlO1.35 (OH)0.28
(BO3)0.07 and this part is slightly hydrated. The average quantity of borate in the films is 
5.8 % wt. However, these results were changed by the same authors, the outer part was 
later reported as  AlO1.29 (OH)0.28 (BO2) and the inner part as AlO1.473 (BO2)0.054. 
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Shimizu, Thompson and Wood[29], utilizing ultramicrotomy allied with transmission 
electron microscopy, following anodizing in borate solution, found that the inner region 
of the barrier-type film contained very little borate anions. When this film section is 
exposed to electron beam of the electron microscope, it changes easily to a crystalline 
material. However the outer part containing anions does not change. If incorporated 
anions contain heavy metal, such as tungsten, observation is facilitated because of the 
appearance of dark regions of the film in TEM due to greater electron scattering. 
Matzuzawa, Baba and Tajima[30], using Auger spectroscopy for films grown in neutral 
borate electrolyte, found that the distribution of boron is uniform throughout the section 
of the film. Later Skeldon et al.[31,32] during anodizing in aqueous borate solution utilizing 
Rutherford backscattering spectrometry (RBS) and nuclear reaction techniques showed 
the resultant barrier-type film comprises two parts; the outer region consists of somewhat 
pure alumina containing approximately 1.5 wt % boron and the inner part is relatively 
pure alumina. The greater amount of oxygen, relative to Al2O3, in the outer region can be 
attributed to oxygen related to the boron. The boundary between the regions is located at 
a relative depth of approximately 0.41 inside the film. 
Rabbo, Richardson and Wood[27] measured the in-depth profile of chromium in films 
grown in neutral chromate solution. The surface of the film contains a chromium-rich 
layer with a thickness of a few nanometres. After this depth, the chromium amount 
decreases to very low values. Generally, the average incorporation of chromium anion in 
the film is relatively low. Pawel et al[33] said that the mobility of phosphate has to be 
proportional to the amount of charge passed. Brock and Wood[34], revealed that, during 
anodizing at low current density in aqueous neutral tartrate electrolytes, the resultant 
anodic films have a high degree of hydration. They claimed that the following reactions 
during film formation at the film/electrolyte interface produce protons as follows;  
2Al3+ + 3H2O  →  Al2O3 + 6 H+
2Al3+ + 3OH-  →   Al2O3 + 3 H+
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Increase in the current density, leading to fast release of protons, causes a decrease in the 
pH of the solution in the double layer and hence the availability of OH- ions to move into 
the film is low at the film/solution interface. When the current density decreases, the 
release of protons is reduced and these disperse into the bulk solution and the pH of the 
electrolyte does not undergo notable change, so the presence of OH- ions leads to hydrate 
the film. However, little hydration occurs during anodizing in non-aqueous borate 
solution. 
Rabbo et al[27] analysed the barrier-type film grown in phosphate solution using 
secondary ion mass spectrometry. They found that only one-third of the film close to the 
metal/film interface is free of phosphate in general agreement with Randall and 
Bernard[23]. They proposed that the growth mechanism of barrier-type film is a mixture of 
ionic migration and a dissolution/precipitation processes. The ionic migration thickened 
the original air-formed film while Al3+ ions are ejected into the electrolyte and precipitate 
due to the effect of the electrolyte anion. They suggested that relatively thick anion-
containing layers and high current efficiency can be obtained during anodizing in 
solutions containing film promoting anions such as phosphate. They also suggested that 
the anion of phosphate was precipitated with the Al3+ ions immediately onto the film, but 
the chromate was precipitated indirectly by hydrolysis of the Al3+ ions to form colloidal 
alumina. 
The nature of migrating ions determines the locations of growth of the film namely, 
either the formation of the film occurs related to cations migrating outward across the 
film during film formation, anions containing oxygen migrating inwards across the film 
during film formation, or both inward/outward movement of cations and anions 
simultaneously under electric field strength. Plumb and Lewis[35], utilized radioactive 
tracers ( 35SO42- ) to investigate the barrier-type film. They showed that the growth of a 
minor part of the film happens by inward migration of anions, but the major part forms 
by outward movement of cations. Amsel and Samuel[36] said the solely mobile species 
were cations. 
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1-1.3  Structure of barrier-type film 
Franklin[37], showed the presence of a cellular structure for a barrier film formed in a 
boric acid-borate electrolyte to high voltage. Stirland and Bicknell[3] reported that the 
formation of islands of crystalline alumina increases for an anodizing voltage that is 
above 100 V. Richardson, Wood and Sutton[19] found two kinds of flaws in the barrier-
type films grown on aluminium, the first type was called residual flaws on the surface of 
the film, as confirmed by Hunter el at[38] and Franklin[37]. The second type was 
mechanical flaws, related to relatively clearly structural defects in the metal. Shimizu, 
Tajima, Thompson and Wood[16], found γ´-crystalline alumina develops around the flaws 
for barrier films grown on aluminium at room temperature in ammonium borate 
solutions. The formation of this crystalline alumina increases and develops radially when 
the anodizing voltage proceeds to ~ 100 V. The density and radial growth of islands are 
dependent on the electrolyte temperature, i.e. formation increases with increasing 
temperature, but they are approximately independent of the electrolyte concentration and 
the anodizing current density. They also found that the density of flaws and hence γ´-
crystalline alumina islands depend on the condition of the substrate surface 
Dorsey[6], using infrared spectroscopy suggested a duplex nature of the barrier-type films 
grown in 2 M boric acid at 333 K, by transmission electron microscopy. The films have 
two layers, the outer is a secondary phase of the barrier layer about 20 nm thick and does 
not depend upon forming voltage, while the inner layer is a primary phase of the barrier 
layer and its thickness is dependent on the anodizing voltage with a ratio of 1.4 nm/V. 
However, when the temperature increases to 363 K, the increase of the thickness of the 
outer layer is clear, while the inner layer thickness was consistent with a ratio of 1.4 
nm/V. 
Leach and Neufel[7] revealed that for films grown in a borate electrolyte (pH 9.7), the 
structure of the typical barrier or porous film is dependent on the bulk temperature of the 
electrolyte. Altenpohi[39], utilizing chemical dissolution techniques, found that barrier-
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type films contain two layers. The inner layer is almost insoluble and composed of γ-
Al2O3, whereas the outer, more soluble layer is amorphous.     
1-2  Porous-type films 
1-2.1  Morphology of porous-type films 
Porous-type films grown in relatively aggressive electrolytes are made up of two regions. 
The inner layer is a thin and compact “barrier” located close to the metal substrate and 
the outer layer is a relatively thick and regular porous film material. The thickness of the 
barrier layer, pore diameter and cell wall are strongly dependent on the anodizing 
voltage. Bailey[40] and Thompson, Furneaux and Wood,[41] revealed that  sulphuric acid is 
a suitable electrolyte for formation of regular porous-type films. O’Sullivan[42] and, 
Thompson, Furneaux and Wood[43] and, Thompson, Furneaux and Goode,[44] used 
phosphoric acid to produce porous-type films. Chromic acid has been studied by 
Bailey[40], and Thompson, Furneaux, Hutching[45], who confirmed that the porous-type 
films can be produced. Oxalic acid as a convenient electrolyte to form the same type of 
films has been demonstrated by Tu[46] and Bailey and Wood[47]. In general they 
concluded that the acid electrolytes give relatively uniform porous-type films growth 
over the macroscopic metal surface under a variety of anodizing conditions. 
Keller, Hunter Rabinson[2], showed that the porous-type film consists of a close-packed 
array of hexagonal cells and each cell has a single pore. They reported that the pore 
diameter is not dependent on the forming voltage, but depends on the anodizing 
electrolyte. However, both barrier layer thickness and cell wall thickness are dependent 
on the anodizing voltage, although the type of electrolyte has a little effect. The six- 
pointed star shape of the ideal pore is due to a differential dissolution effect caused by the 
geometry of the enveloping hexagonal cell.  
Hunter and Fowle[48], suggested that the ratio of the thickness of barrier layer to the 
forming voltage is constant during porous film formation. They determined this ratio for 
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anodic oxide films grown in 4 % phosphoric, 3 % chromic, 2 % oxalic and 15 % 
sulphuric acids as 1.19, 1.25, 1.18 and 1.0 nm/V respectively. Brock and Wood[34], 
reported that the ratio slightly depends on the concentration and the bulk temperature of 
the electrolyte. The ratio increases with increasing acid concentration and decreases with 
an increase of temperature of electrolyte in  agreement with the work had been done in 
studies of  Tomashov[49] and Dunn[50]. 
Paolini, Masaero, Sacchi and Paganalli[51] and Mason,[52] used an adsorption technique 
for measurement of pore volume. They defined the pore volume as the percentage or 
fractional volume of the film that consists of pores. They assumed that the pores are 
perfect smooth cylinders, and calculated pore diameters which were in conflict with 
results of Keller, Hunter and Robinson[2], who calculated also the porosities of anodic 
oxide films formed in sulphuric acid, chromic acid and oxalic acid electrolytes. The ratios 
of the true surface area to geometric area fell in the range 200-300 : 1.0 in film grown in 
15 % sulphuric acid to about 4 µm thickness. The measurements of pore diameter for 
films of different thickness agreed with results obtained by Keller et al[2]. They also 
suggested that the pore has a truncated cone shape, resulting from chemical dissolution of 
the cell material by the electrolyte. The range of the typical porosity was evaluated as 15-
25%. They thought that the volume of the pore is dependent on the thickness of porous 
film, electrolyte temperature and its concentration, and current density. 
O’Sullivan and Wood[53] determined the parameters of films formed in phosphoric acid at 
constant current density under specific anodizing conditions; for instance the pore 
diameter, the thickness of the barrier layer, the size of the cell and the curvature of pore 
and cell bases were all a direct function of forming voltage. They confirmed that the pore 
was of smooth cylindrical capillary shape, rather than of star-shaped section, and there is 
a relationship between the curvature of the cell and pore base and the current densities 
across the barrier layer. 
The first direct electron microscopy images of a section of a porous-type film were 
obtained by Booker, Wood and Wash[54,55], who reported that the polished section of the 
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film grown in 17.5 % sulphuric acid contains pores in small craters, usually close to the 
edges of the film. In film formed at a constant current density of 1000 A/m2, the pore 
diameters were in the range 15-20 nm, with pore centres 59-60 nm apart. The pore 
diameters have little alteration throughout the film thickness, also the cell base pattern is 
affected by change in current density which leads also to similar variation in the porosity 
of the film. Murphy and Michelson[56] suggested that the drying out process of the film 
after anodizing process produced or initiated the pores.  
A fibre model of porous anodic films was suggested by Ginsberg and Wefers[57,58]. They 
thought that the porous film consists of a fibrous structure which contains fibres of 
diameters in the range 20-50 nm. Group of these fibres were approximately cone-shaped, 
with 1 µm diameter, as observed by optical microscope. The individual fibre is composed 
of an outer cylinder of relatively hard material. The gaps and the hollows between the 
fibres results in the porosity of the film, whereas the barrier layer is present at the base of 
the fibres where fibres grew together. This result was enhanced by the work of 
Csokan[59], which studied porous anodic films formed at low temperature and at low acid 
concentration. He thought the resultant porous films consist of irregular pore channels, 
which were frequently distorted, and packs of cells containing a pore producing a fibrous 
structure.  
Franklin and Stirland[60], utilized transmission electron microscopy to investigate the 
direction of the fibres and pore growth. It was noticed that the pore orientation differed 
slightly from grain to grain, although pores were parallel on the same grain and nearly 
perpendicular to the substrate metal surface. Tomashov and Zalivalov[61] revealed that 
both the hardness and wear resistance are a function of the regular porosity. The pore 
does not widen with thickness of the film for films grown at 0.5 0C at 22-27 V in 14 N 
H2SO4 (hard anodizing) and the porosity was about 14 % and 16 % for hard anodic films 
and normal anodic films respectively. The corresponding cell population densities were 
435 x 1012 and 295 x 1012 cells m-2 for hard and normal films respectively. They reported 
that the pore dimensions in anodic alumina films are very close to those determined by 
Keller, Hunter and Robinson[2]. Many other studies using transmission electron 
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microscopy have tried to measure cells and pore dimensions in porous anodic films. 
However, these results were very difficult to compare directly because of the differences 
in the forming conditions employed. 
A pore- filling technique, provided by Dekker and Middelhok[62], enabled measurement 
and investigation of the porosity of porous-type films and also the transport numbers of 
charged species. This technique was improved by Takahashi and Nagayama[63], who also 
measured the porosities of several anodic films. Alvey[64], measured the porosity of the 
films grown in 0.25 M phosphoric acid at 293 K as about 20 %, utilizing the same 
electronoptical technique as O’Sullivan and Wood[53]. 
Bailey[65] found that the pores in the films formed in chromic acid are not normal to the 
substrate metal and pore branching often happened through the film thickness. The cell 
wall is relatively irregular and the cell material is penetrated by many feather-like regions 
from the pore wall. Bailey[65] showed that films formed in oxalic acid electrolytes 
comprise relatively fine, porous cellular structures of inverse cone shape. 
In work of Akahori[66] and Alkahori and Fukushima,[67] electron micrographs of sections 
of films formed in both oxalic acid and sulphuric acid showed that the resultant films 
have a regular porous structure i.e. fine pores extending parallel from the outer surface to 
the barrier layer which is very thin with a thickness that is not a function of anodizing 
voltage. Bogoyavlenskii et al[68], for anodic films formed in chromic, oxalic, sulphuric, 
phosphoric and sulphamic acids, reported that the cell diameter is a function of the 
anodizing voltage, but that the type and the concentration of the electrolyte and the 
temperature have a slight influence on cell diameter. Neufeld and Ali[69] have studied 
films formed in 5 % borax at pH 10, 10 % chromic acid, and 15 % sulphuric acid. They 
showed that both pore and cell diameter are proportional to the forming voltage in films 
grown in borax, and that the cell size and pore diameter have a linear relationship with 
anodizing voltage in all electrolytes. Dekker and Middelhoek[62], studied the parameters 
of films grown in 8 g/l oxalic acid at 15 0C and reported that the barrier layer thickness, 
pore diameter and cell diameter have a linear relationship with anodizing voltage and 
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found that for a given electrolyte the porosity is solely a function of the anodizing voltage 
and decreases with increasing in voltage. The thickness of the cell wall is thinner than 
that of the barrier layer. 
Nagayama[70,71], reported that for the films formed at a constant current density in 10 % 
sulphuric acid at 27 0C and 2-4 % oxalic acid at 40 – 50 0C, the diameter of the pore 
mouth increases with time, and the current density has no influence on pore wall 
dissolution. The pore is a truncated cone in shape. Similar results were produced by 
Paolini et al[51], which suggested a limitation of film thickness due to pore mouth joining. 
They revealed a high rate of dissolution at pore bases due to a field-assisted process. 
Wood and O´Sullivan[72] and Zalivalov et al[61] both found that pore wall dissolution is 
evident in more concentrated electrolytes or at higher temperature, producing “trumpet-
shaped pores”. 
1-2.2  Composition of porous-type film
Many workers have investigated the chemical composition of porous-type films. These  
films are often contaminated with acid anion species, which are incorporated from 
anodizing electrolytes. Mason[52] and Raub et al[73], found that the films formed in 
sulphuric acid contain 10-17 wt % SO42- which is often expressed as SO3. Pullen[74]
revealed that the anion species incorporated into the formed films is 13 wt % SO3. 
Spooner[75] quoted 17.7 wt % SO42-, for films formed in sulphuric acid. The amount may 
be increased during anodizing at low temperature and high current density. Liechti and 
Treadwell[76] found the percent of the anions is 8-13 wt % SO3. Treverton and Davies[77], 
using XPS in conjunction with argon ion etching, analysed dc and ac anodic films formed 
on aluminium in sulphuric acid. They found both types of film contain sulphates in the 
surface regions and elsewhere in the film; the sulphur was in a form which results in 
sulphides in the ion etched surfaces. The ac and dc anodic films have slightly different 
compositions. 
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Tajima, Baba, Mori and Shimura[78] and Tajima, Baba and Shimura[79], using infrared 
spectroscopy and differential thermal analysis, allied with optical techniques, revealed 
also anions incorporated into the anodic film. They showed that the resistivity of the 
resultant films did not depend on the anion type, but this resistivity decreases with time 
due to anion incorporation. They showed that the amount of anion increases with an 
increase in current density in agreement with Mason[52]. 
Ginsberg and Wefer[57,58] said that in anodic films formed in sulphuric acid, the sulphur-
containing anions can be either chemically bound or free, i.e. removed readily by 
washing. They noticed that the sulphur percent is 13 wt % and decreased by long periods 
of  washing to approximately of 8 wt %. Mason[52] reported that presence of SO3 can be 
affected by hydrothermal treatment in boiling water. Brace and Baker[80]  revealed that 
the incorporation of sulphate does not solely exist on the surface of the anodic film, but 
also proved its existence in the bulk anodic alumina film by using a radiotracer technique. 
Dormony and Lichtenberger-Bajza[81], during anodizing at low temperature “hard 
anodizing” in sulphuric acid, observed that the resultant hard anodic alumina film has 
slightly more content of sulphur than that of a film formed in a normal anodizing process. 
Lau[82], utilizing an infrared spectroscopy, showed that the sulphur exists as a sulphate 
anion. During anodizing in chromic acid electrolyte the chromium amount incorporated 
in the formed film was about 0.1wt % CrO42- according to neutron activation analysis. 
Alvey[64], using colorimetric analysis found that the anodic film formed in phosphoric 
acid contains approximately of 7.6 wt % PO43-. The anodic films formed in sulphuric acid 
include about 11.1wt % SO42-. Films grown in oxalic acid contain approximately of 2.4 
wt % (COO)2-. During anodizing in oxalic acid, Pullen[74], found that oxalate content 
incorporated in the formed film was 3 wt % corresponding with 3-3.3 wt % oxalate, 
achieved by Treadwell[76]. 
Fukuda and Fukushima[83] studied the distribution of the oxalate anions in the cell wall 
and in the barrier layer. In the inner layer, in the vicinity of film/solution interface, the 
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oxalate content was 9 wt %. At depth of 23 nm from the film/solution interface, this 
amount was approximately 11 wt %. 
Fukuda[84] reported that the oxalate amount was 7 wt % in the film formed to 60 V in 
oxalic acid similar to the oxalate content found by Wefers[85]. However, the former found 
this content of oxalate decreases with an increase in electrolyte temperature. Generally 
films formed in chromic acid have relatively low amounts of chromium anions. Pullen[74]
determined the chromium content less than 0.1 wt % in the film formed in chromic acid. 
Bengough and Sutton[86] found that the films grown in chromic acid contain 0.4-0.7 wt % 
chromium.  
Dorsey[5], utilizing infrared spectrometry, found that films formed in phosphoric acid 
with thickness 2 µm contain 6 wt % PO43-, while films with thickness 5.3 µm contain 8 
wt % PO43-. Plumb[87], utilizing radioactive tracer methods revealed that the film-
containing 6 wt % PO43- in films grown in phosphoric acid. This quantity of phosphorus 
increases with an increase in film thickness and is present in the film instead of adsorbed 
on the surface. 
Alvey[64], using electron probe microanalysis found that the amount of oxalate was 
approximately 2.4 wt % (COO)2- during anodizing in oxalic acid. In film grown in 
sulphuric acid, the sulphate was about 11 wt % SO42-. By neutron activation analysis the 
chromium quantity was nearly 0.1 wt % CrO42- in film formed in chromic acid. A 
uniform anion distribution was apparent throughout the porous layer. Under relatively 
aggressive anodizing conditions, a low level of anion can be noticed near the outer 
surface of the film leading to greater porosity in this region.  
Thompson, Furneaux, Wood and Hutching[88], using ion-beam-thinned porous anodic 
films, revealed that there is non-uniform distributions of species derived from the acid 
anions throughout the film. The phosphorus content exists in greater amounts in the film 
in the vicinity of the pore, and is present of reduced levels in the region where cells meet. 
In general, the quantity of the acid anion incorporated into porous anodic films is 
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dependent significantly on the anion involved. The lowest anion incorporation is noticed 
for the film formed in chromic acid and the greatest anion incorporation is revealed 
evidently in film grown in sulphuric acid.  
In anodic films, the quantities of water are somewhat changeable. Pullen[74] found that the 
films formed in chromic acid are extremely anhydrous contrary to those films formed in 
both oxalic acid and sulphuric acid which are monohydrate. Edwards and Keller[89], 
reported that the content of the water for films grown in various anodizing processes in 
sulphuric acid was 1 wt % and 6 wt %, one of these quantities (1 wt %) is similar to that 
suggested by Mason[52]. In films formed in oxalic acid, Phillips[90] found that the amount 
of water is equal to the component (2 Al2O3.H2O). Jenny[91] measured the water content 
for films grown in sulphuric acid and found it 14.8 wt % in agreement with previous 
work has been done by Norden[92]. In films anodized in sulphuric acid, the water amount 
was 2 wt % as suggested by Spooner[93]. Liechti and Treadwell[76] measured 3-5 wt % 
loosely bound water and 1-2 wt % tightly bound water in films formed in sulphuric acid 
and 5-6 wt % water in films grown in oxalic acid. Most studies confirmed that the water 
in the anodic oxide films does not exist as “free form”, but is often present as hydroxide 
or hydrated oxide or both and the water incorporation in the anodic oxide films is 
dependent on the anodizing conditions.     
The distribution of alloying elements in the anodic films has been investigated. Wood and 
Brock[94], using electron probe microanalysis, found that the films grown on single phase 
Al-4 % Cu alloy, copper is incorporated in barrier–type films but is removed from porous 
films by leaching which leads to very thin films  and enlarged pores. 
Spooner[93], using X-ray emission spectroscopy and chemical analysis, reported that 
during anodizing alloys containing magnesium, silicon, chromium and zinc, these 
elements are found in the porous film in agreement with Cote, Howlett and Wheeler[95]
and Guminski and Sheasby[96] showed that the existence of silicon in the porous film is 
attributable to  silicon being oxidized much more slowly than aluminium. 
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1-2.3  Structure of porous-type film 
Burger, Classen and Zornike[97] and Verwey[98,99], utilizing X-ray diffraction techniques, 
showed that the anodic oxide films produced under different anodizing conditions consist 
of amorphous alumina and / or γ/γ´ crystallites. Harrington and Nelson[100] suggested that 
films produced in many electrolytes are composed of amorphous alumina of random 
structure, according to an electron diffraction investigation. They found this structure was 
directly affected by the anodizing temperature, with a less random structure at higher 
temperature. Verwey[98] reported that γ alumina has a spinel structure. The unit cell 
includes 32 oxygen ions organized in face-centred cubic lattices (fcc). Aluminium ions 
and oxygen ions comprise two types of sub-cell A and B within the oxygen lattice of 8 
fcc cells. Trillat and Tertain[101] showed that the existence of a hydrated oxide layer at the 
film/electrolyte interface as a result of the water incorporation, which leads gradually to a 
form of monohydrate oxide;  the inner layer is made up of patches of γ alumina and 
amorphous alumina.  
Oka and Takahashi[102], using an X-ray radial distribution function and correlation 
method to investigate the microstructure of amorphous anodic alumina film, revealed that 
amorphous anodic films contain AlO5 coordination polyhedra and also include AlO4
tetrahedra and AlO6 octahedra. The incorporation of anions and water from the forming 
electrolytes makes the microstructure very complicated, the anodic film may consist of 
amorphous or relatively fine crystallites, crystalline γ or γ´ Al2O3 as well as hydrated 
alumina crystallites. The presence of these components is influenced by anodizing 
conditions. 
The grain size for films produced in sulphuric acid, determined by Harrington and 
Nelson[103], was about 1.2 nm. Philips[90], determined a grain size of 0.5-1.0 nm for films 
formed in oxalic and phosphoric acid. Alvey[64], for films grown in 0.25 M oxalic acid at 
293 K, and using an X-ray small angle scattering technique, found a grain size of 8.9 nm. 
Baker and Pearson[104], investigated the scatter in values of grain size and reported 
microcrystallites of radius of 2.4 nm.  
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O´Sullivan et al[105], using infrared spectroscopy, investigated the films formed in 
sulphuric acid. They found that these films are made up of a relatively open array of 
amorphous, mainly anhydrous, alumina crystallites with surface hydroxyl groups or ions 
and intercrystallite regions including molecular water and some acid anion derived from 
the anodizing electrolytes. Kormany[106] found that the barrier layers contain alumina 
trihydrate, with γ-alumina and boehmite.  
Taylor, Tuker and Edwards[107] thought that the proportion of crystalline alumina in  films 
is enhanced by increasing film thickness, high forming voltages, dilute electrolytes, high 
temperature and ac current and is not dependent on the electrolyte type. Stirland and 
Bicknell[3] proved that the proportion of crystalline γ-Al2O3 increases with increasing 
film thickness.  
Trillat and Terhan[101], during anodizing in 2 M sulphuric acid to thickness (1.0-20 nm) of 
the resultant films, claimed that the outer layer is made up of a mixture of crystalline-
Al2O3, boehmite, and α-AlO(OH) but that the inner layer was amorphous Al2O3. The 
amorphous film material slowly changes to the monohydrate as water is incorporated into 
the film. El-Mashri[108] examined the structure of very thin films (< 10 nm thick) formed 
in sodium trartrate, with stripping in mercuric chloride solution, using high-resolution 
electron microscopy. The work revealed that while the oxide is almost completely made 
up of amorphous phase, there are small domains of quasi-crystalline structure. These 
contain a small number of regular lattice plane fringes, which suggested a tendency for 
the amorphous structure to be layer-like. 
Farnan et al[109] used MAS-NMR to examine films formed in phosphoric, sulphuric, 
oxalic and chromic acids. The films grown in sulphuric and oxalic acids have 4-, 5- and 
6-fold coordinated alumina; films formed in chromic acid have solely 6-fold coordinated 
alumina; 4- and 5-fold coordination are also noticed in film formed in phosphoric aicd. 
Farnan et al[110] supposed that the existence of a heterogeneous film material, with 
aluminium contained both within microcrystalline film regions and more disordered film 
regions. The variation of aluminium coordination is affected by the presence of OH- ions 
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inside the alumina material, with an increase of anodizing temperature favouring the 
development of 6-fold co-ordination. Popova[111], for anodizing in borate solution, found 
a O-Al bond length of 0.182 nm that corresponds to 100 % tetrahedral coordination, 
using transmission electron diffraction. 
Pavelkina and Bogoyavlensky[112] reported the difference between both crystalline and 
amorphous material in anodic films formed in variety of conditions, utilizing chemical 
analysis. The presence of crystalline alumina is not apparent by direct observation of 
utramicrotomed sections, although crystalline transition of the films to γ´- and γ- alumina 
can be induced in the electron microscope by electron beam irradiation. Oka et al[102], 
using X-ray fluorescence spectroscopy, for films grown in sulphuric acid using ac and dc 
voltages, found [AlO6]/[AlO4] ratios of 30 : 70 and 40 : 60 respectively. Norman et al[113], 
indicated that the bond length in an anodic film formed on aluminium was 0.185 nm. 
This corresponded to a ratio of [AlO6]/[AlO4] of approximately 30 : 70. Murphy and 
Michelson[114], proposed that the outer porous region for films grown in highly acidic 
electrolytes includes evident pores and regions with various degrees of hydration and 
density of film material. The intercrystalline regions include water molecules, anions of 
the electrolytes, hydroxyl and hydrogen ions.             
1-3 Basic ionic migration mechanism for anodizing
Many efforts have been made to study the nature and kinetics of the ionic migration of 
mobile species.[56,115-119] During the anodizing process, under the electric field, attraction 
of negative charged anions in the electrolytes  to aluminium anode occurs. The source of 
the O2- or OH- ions for film growth is water or in specific situations from acid anions. 
Aluminium is usually anodized in acid electrolytes, which contains divalent anions e.g. 
sulphuric acid:  
H2SO4    →    H+ + HSO4-   →   H+ + SO42- 
or trivalent anions such as phosphoric acid: 
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H3PO4   →   H+ + H2PO4-  →    H+ + HPO42-  →   H+ + PO43- 
Molecules of water are attracted to the surface of the alumina; figure (1-3.1) depicts the 
decomposition mechanism for molecules of water into O2- ions and OH- in sulphuric acid 
electrolyte, by the possibility of hydrogen bonding between hydrogen atoms of the water 
molecule and the oxygen atoms of larger oxyanions. Thus this process leads to weakness 
of the O-H bonds of the water molecules and detachment of the oxygen atoms from the 
hydrogen under assistance of electric field. In the case that one H+ is detached from the 
water molecule the production is OH-, whereas detachment of both hydrogen ions gives 
O2- ion. As shown by nuclear microanalysis[120], 70-90 wt % of the oxygen which forms 
the film comes from the water in anodizing electrolyte. These oxygen ions react with 
aluminium to yield Al2O3, this reaction can take place in three possible positions, at the 
aluminium/oxide interface, the oxide/electrolyte interface or between them. Moreover, 
there is a cathodic reaction on the cathodic electrode where hydrogen gas arises. 
Gunterschulze and Betz[121] introduced the first studies of the kinitics of ion transport 
through the oxide film, deriving the following empirical relationship between the non 
ohmic current density i, and the electric field strength E: 
i = A exp (βE)  
where A and β are constants dependent on temperature, and E = V/d, V is the potential 
drop across the film of thickness d. This relationship is assigned to the high field 
conduction theory. The equation reveals the dependence of the anodizing voltage on the 
current density. Growth of anodic oxides on aluminium takes place by counter ionic 
migration of both cations and anions under a field strength of 108 – 109 V/m[122]. In the 
case of formation of barrier – type film, development of the oxide occurs at both 
interfaces, with outward migration of cations eg. Al3+ into the oxide /electrolyte interface 
and by inward transport of anions into the oxide/aluminium interface. However, porous – 
type anodic film only forms at the aluminium/oxide interface.[123]
The principal equations for these reactions are: 
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2Al3+  + 3 H2O   →  Al2O3 + 6H+ + 6e-
or 2Al3+ + 3OH-  →  Al2O3 + 3H+
or 2Al3+ + 3O2-   →  Al2O3  
The location of an immobile inert marker,[124,125] eg. a thin layer xenon, implanted into a 
very thin anodic film, during anodizing the xenon marker shows that there is no evidence 
of spreading, where both cations and anions form the film by counter migration, namely 
as mentioned before cations migrate outward from metal/oxide interface to 
oxide/electrolyte interface, and anions transfer inward from the oxide/electrolyte interface 
to the metal/oxide interface. The ionic current is carried by migrating ions which 
determines the growth rate of the film. The ionic current is a function of the electric field 
strength,[116] it can be expressed as follows:
i = io exp [-We(E)/RT] 
where,     i - ionic current 
               io - pre- exponential constant that depends on the transport medium 
              We(E) - effective activation energy for ionic migration 
              E – electric field strength  
              R – universal gas constant  
              T –temperature 
The effective activation energy is taken to be linear function of the electric field strength 
as follows: 
We(E) = Q – αE  
where,     Q – activation potential barrier for ionic transport under zero electric field  
                α – transport medium related constant 
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This equation is modified to a quadratic term for the field expansion: 
We(E) = Q – αE + βE2
where,   β – constant dependent on the migration medium 
Workers[126-128] introduced this quadratic field expansion because of different factors, 
such as influence of polarization under the high electrostatic field on the transport 
medium and the resultant charge displacement,[116,128] the anion species incorporated in 
the oxide film,[129] the distribution of properties of the transport medium[130] and the 
electrostriction pressure.[131] The magnitudes of the constants and activation barrier are 
dependent on the mechanism of ionic migration in the film. Many concepts of ionic 
migration have been suggested. Most of these concepts are applied on the basis of ionic 
transport across crystalline lattice of the film.[131,132] However, the amorphous nature of 
anodic alumina does not allow most of these theories  to be applied. 
Early studies[36,133,134] suggested that the ionic current was only carried by metal ions in 
the film lattice; this assumption was revealed to be incorrect for anodic alumina films, 
where both cations and anions migrate under electric field. A co-operative mechanism is 
considered because cations and anions transport numbers for alumina are relatively 
comparable.[116,135-137] It was proposed that the thermally activated transport causes place 
exchange between cations and anions.[137]  Mott[138] suggested that the liquid – type 
motion in a liquid – like cluster can make both cations and anions migrate in the anodic 
film. In the different mechanism, it has been suggested that ions in interstitial positions or 
in regular locations hop to vacancies or other interstitial sites in their neighbourhood. The 
hopping of migrating ions occurs only to neighbouring positions because of limitations 
by the activation energy which requires as the jump distance increases.[139] Later this 
hopping mechanism has been refined to be single or multiple jump.[140,141]
Recently Wang et.al.[119] developed a model for ionic transport for amorphous films. This 
is based on oxygen defect clusters which are formed by inward displacement of oxygen 
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ions around an oxygen vacancy – like defect. Cations transfer in the conductive gap 
between both layers of oxygen ions around the vacancy. When the oxygen ions migrate 
inward by hopping between vacancy – like sites, simultaneously the metal ions migrate 
along with the vacancy in the counter direction of the oxygen ion migration.  
1-4 Formation of self-ordering nanopores by hard anodization and mild anodization 
Recently, fabrication of self-ordered nanopore arrays has been of very great interest  
because of their various uses in the field of nanotechnology, for example, magnetic, 
electronic and optoelectronic devices[142,143]. Self-organization during pore growth, 
resulting in a close packed hexagonal pore structure, has been found during anodizing in 
oxalic acid and sulphuric acid electrolytes[144-146]. Self-ordering of anodic alumina films 
can be produced by one of two methods, namely by hard anodization or 
mild/conventional anodization. The latter requires a long anodizing time (tens of hours) 
and self-ordering porous anodic alumina is only achieved in a narrow range of anodizing 
conditions with limitation of pore diameter and pore interval.[144,145,147,148] However, the 
hard anodizing method has good ability to be utilized in industrial fields to obtain a self-
ordering nanostructure of the anodic alumina film with less processing time. So the hard 
anodizing approach, which was invented in 1960s,[149,150] is the more attractive alternative 
being faster and taking advantage of high-speed growth of the anodic alumina  (50-100 
µ/h). The classical hard anodizing method is distinctive by utilization of sulphuric acid at 
high current densities and relatively low temperature[151].  
Except for the use of pretexturing of the aluminium substrate processes, for instance by 
an imprinting process, the self-ordered porous anodic alumina film can be produced by 
three well-known growth regimes in mild anodization: 
                            a) sulphuric acid (H2SO4) at 25 V for cell size (Dint) = 63 nm[145,147]. 
                            b) oxalic acid (H2C2O4) at 40 V for cell size (Dint) = 100 nm[144,147,152]. 
                            c) phosphoric acid (H3PO4) at 195 V for an interpore distance (Dint) =          
                                500 nm[147,153]. 
61
When an anodizing voltage is applied outside the range voltage for optimum self-
ordering, the extent of ideally ordered nanopore arrays steeply reduces. In a given 
electrolyte, if the applied anodizing voltage is higher than that which is necessary to 
maintain steady anodizing, breakdown or burning phenomena may be initiated in the 
anodic alumina due to catastrophic flow of electric current[154] to local regions of the 
anodizing surface. 
Pores form perpendicular to the oxide surface, with equilibrium between anodic alumina 
formation at the metal/oxide interface and field-assisted alumina dissolution at 
oxide/electrolyte interface[53,155]. The film growth occurs at the aluminium/oxide interface 
by transport of oxygen containing ions (O2-/OH-) under the electric field from the 
electrolyte across the barrier layer at the pore bottom, simultaneously Al3+ ions migrate 
across barrier layer and are injected into the electrolyte at oxide/electrolyte interface 
without contributing to formation of the film. The latter is a necessary condition for 
formation of porous anodic alumina: if these Al3+ ions form oxide at the oxide/electrolyte 
interface, a barrier type film rather than a porous film can be formed[156,157]. The 
oxidation process at the entire aluminium/oxide interface results in  compressive stresses 
in the oxide layer. The film material can only expand in the vertical direction pushing 
upwards the pore walls. Some studies in recent years suggested the formation of self-
ordering based on mechanical stress, namely, the repulsive forces between the 
neighbouring anodic alumina cells, with pores being organized due to mechanical stress 
created during anodic alumina growth at aluminium/oxide interface[53,146]. The interacting 
repulsive force, related to the volume expansion, increases with the electric field, and 
results from the relatively high-speed growth of anodic alumina at the pore bottom. This 
high interacting repulsive force under the high electric field restricts the width formation 
of alumina cells and forces them to an ideally-hexagonal pore array. The porosity, P, for 
the hexagonal pores arrangement of anodic alumina film can be calculated from the 
following equation[158]: 
P = 2pi /√3 x (r/ Dint)2   
62
where Dint is interpore distance, and r is radius of pore. 
Many attempts have been made to discover new methods of self-ordering in porous 
anodic alumina[154,159, 60]. A cell size, with Dint = 73 nm, of porous anodic alumina can be 
achieved by utilizing an electrolyte consisting of 1 : 1 oxalic/sulphuric acid mixtures.[159]
Self-ordering of porous anodic alumina can be obtained during local film thickening 
(burning). [154,161] The break-down potential and current density can be increase up to 70 
V and 2000 A/m2 respectively by using aged sulphuric acid. The potential or current 
density are very high compared with a normal anodizing process (< 27 V, < 200A/m2). 
The increase of potential positively affects the self-ordering of nanoporous anodic 
alumina providing relating large domains that contain hexagonal pore arrays. These 
domains, separated from each other by boundaries, reveal different orientation of the pore 
lattice, i.e. the organization of the nanopore array inside the domains increases as 
function of increase of electric field (anodizing potential and current density), 
furthermore an increase in domain size occurs.[158]  These findings support the theory that 
proposes that a high current density or a high electric-field is a key controlling factor for 
self-ordered nanoporous anodic alumina. Furthermore, the disappearance of disordering 
of the pore lattice at domain interfaces is proportional to the rise of the electric field i.e. 
under a high-electric field the effect of the grain or crystal size of the aluminium substrate 
materials on the pore organization disappears providing large ordered domains. Porous 
anodic alumina grown under a high electric field is dark-yellow in colour and has a high 
hardness compared with that formed at low potential (< 25 V), which is colourless. This 
change in colour is not due to the chemical composition, but it may result from the 
physical properties, for instance porosity or /and density of the anodic alumina. Analysis 
by energy-dispersive X-ray (EDX) reveals that the anodic alumina formed under various 
anodizing potentials has relatively similar contents of anion species, namely sulphur 
species (3-5 at. %). Thus, the amount of sulphur is relatively independent of the 
processing potential. 
The average pore diameter (Ø) and the average interpore distance (Dint) are a function of 
anodizing potential, namely the average interpore distance is linearly proportional to 
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anodizing voltage, with a high slope compared with the slope of the average pore size, 
which is proportional to the anodizing voltage[53]. The size of domains of self-ordered 
porous alumina increases with increase of the anodizing potential and reveals a change in 
the slope, i.e. with a low slope at low potential (< 20 V) and then from 20 to 25 V a 
significantly increased slope. It is reported that this anodizing potential (25 V) is the 
maximum potential required to maintain stable anodizing with fresh sulphuric acid 
electrolyte.[158] Thus the size of self-ordering array arrangement is linearly proportional to 
the increase in electric field, with control of the sulphuric acid ageing state and its 
temperature, giving the biggest ordered domains ≈ 6 µm at 70 V. Markedly, this 
anodization process is carried out without any surface preparation (as-received 
aluminium) or pre-patterning. It is a one-step anodizing approach with a short anodizing 
time (20 minutes). Pre-treatments, such as electropolishing and annealing, decrease the 
disordering of pore arrays at boundaries between domains or grains. The former pre-
treatment provides an aluminium surface with a low degree of roughness and the latter 
results in a grain–merging influence and stress release effects. In addition, the ordered 
nanopores of porous anodic alumina is a function of the processing time[145], namely 
improvement of the self-ordering arrangement can be achieved with an increase in the 
anodizing time. The ratio of the pore interval to the anodizing voltage (Dint /V nmV-1) is 
inverse proportional to the anodizing voltage due to interacting repulsive forces, which 
increase as the anodizing voltage increases. 
It is reported that the porosity of anodic alumina increases with increase of the anodizing 
voltage. This increase in porosity can be due to the high current density and strong 
electric field-assisted chemical dissolution. Furthermore, a high self-ordering 
arrangement is reported with porous anodic alumina of porosity of 10 – 13.5 %. This is 
similar to the 10 % rule[153], which suggests that the anodizing conditions of 10 % 
porosity provide a high self ordered nanopore arrangement. 
Notably, the junction strength of the anodic alumina cells is affected by the high electric 
field[158], i.e. the junction strength of the cells is less than that of the cell walls at high 
electric field: for anodic alumina films formed at voltages above 40 V, fracture takes 
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place across the boundaries of the alumina cells, in contrast with the fracture plane 
behaviour of the alumina grown at less than 25 V, which occurs through pore centres, see 
figure (1-4). This weakness in junction strength between the anodic alumina cells 
depends on the high electric field, leading to separation of anodic alumina cells. 
Moreover, the anodic alumina which is subjected to mechanical abrasion and chemical 
etching shows that the oxide between the triple junction of three neighbouring cells is 
preferentially removed, whereas the oxide between the cells in junction locations remain 
connected. This phenomenon of the alumina cell separation may result from an 
interacting repulsive force which is associated with the volume expansion factor. At high 
electric field, the repulsive force is linearly proportional to the alumina growth rate, 
causing mechanical stress focused at the alumina cells boundaries. The anodic alumina 
density will be low at the triple cell junction as compared with the rest of the cell walls 
due to the circular repulsive forces distribution from the alumina cell centres that gives 
rise to the preferential dissolution of the anodic alumina oxide at the triple junction 
between the three neighbouring cells[158]. These circular voids are vertically located along 
the alumina cells at the triple junction and their size is a function of the anodizing 
potential.[162] Cell separation may be attributed to the occurrence of these voids at the 
triple junction of three neighbouring cells, causing a reduced joint strength between the 
anodic alumina cells. In general, this anodic alumina film formed in sulphuric acid 
contains hexagonal pore arrays and fracture along the cell boundaries. 
Many researchers have tried to introduce pre-treatments or pre-texturing 
techniques[144,163-168]  for obtaining a highly ordered pore arrangement over a large area, 
eg. using a two – step anodizing approach, scallops are formed on the aluminium surface  
in the first anodizing step, which act as initial sites for pore growth in the second 
anodizing step. Moreover, invention of pre-texturing methods,[163,164] utilizing a textured 
SiC stamp molder has enabled mechanical indentation to obtain an ordered pattern on the 
aluminium. The pore initiation is encouraged by the shallow concave indents on the 
aluminium substrate during the anodizing process, giving an ideally ordered pore 
organization within the stamp area. eg. of dimensions 4 mm x 4 mm. Later, some efforts 
for producing highly ideal nanopore arrays introduced modified pretexturing approaches, 
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for example, pre-patterning on aluminium by atomic force microscope scanning 
probe,[166] optical diffraction grating,[165]polystyrene beads[168] and focused–ion-beam.[167]
Pretexturing processes can be improved by annealing specimens of aluminium in 
nitrogen or argon at 400 – 500 0C to remove mechanical stress and to recrystallize them. 
These pretexturing approaches provide initial sites of pore initiation to obtain an ideal 
ordered pore arrangement of porous anodic alumina. Moreover, the anodizing conditions, 
such as type and temperature of electrolyte and current density or voltage, play a very 
important role in fabricating ideally ordered nanoporous anodic films. Anodizing of 
prextured specimens in oxalic acid at a constant potential (40 – 80 V) gives high self-
ordering of nanopores.[161,163] In contrast, the ordered nanoporous anodic alumina 
produced by anodizing in sulphuric acid at low voltage (< 25 V) is relatively 
irregular.[145] During anodizing in sulphuric acid, it is very difficult to maintain stable 
anodizing above 27 V due to burning or breakdown of the resulting anodic alumina, 
which is caused by the corrosive acid attack under electric field. 
The interpore distance or cell size can be also calculated from the following equation[158]:   
Dint = 2δbarrier + Ø
  
where Dint is interpore distance,  Ø is pore diameter, δbarrier is the barrier layer thickness 
and δbarrier α E. 
Hard anodic alumina films are characterized with porosities three times lower than those 
formed by mild anodization.[169] The interpore distance and pore size of anodic alumina 
formed in sulphuric acid are small compared with those grown in oxalic acid. Hard 
anodizing based on sulphuric acid is a suitable approach to produce low interpore 
distance and pore diameter in the respective range from 57 – 130 nm and 22 – 50 
nm.
[149,150,158,170-173]
 However, these anodic alumina films have poor mechanical 
properties.
For hard anodization in sulphuric acid under galvanostatic conditions (i = 120 mA/cm2), 
it is reported that the porous anodic alumina produced at anodizing voltages of 27 V and 
32 V possesses periodic oscillations of pore size which are reduced at the higher votage. 
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Micrographs of anodic alumina formed during the transition point from galvanostatic to 
potentiostatic anodizing, at a target voltage 40 V, show an improvement of pore arrays 
with straight pores of uniform diameters. Galvanostatic anodizing indicated that the 
interpore distance and proportionality constant of the interpore distance are dependent on 
the anodizing voltage i.e. Dint = 55 nm at 27 V to Dint = 72 nm at the target voltage (40 V) 
and the proportionality constant of the interpore distance decreases as the anodizing 
voltage increases until the target voltage (40 V) (transition from galvanostatic to 
potentiostatic mode). Furthermore, even in the potentiostatic case, the interpore distance 
increases as a function of the voltage, namely from 91 nm at 50 V to 117 nm at 65 V to 
145 nm at 80 V, but the proportionality constant is approximately the same in the 
potentiostatic region. The largest size of domains is reported at the voltage of transition 
point (6.24 µm at 40 V). Moreover, anodizing at 40 V shows that the interpore distance 
and the ratio of cell size to anodizing voltage depend upon the anodizing current eg. a 
reduction is reported for the interpore distance from Dint = 84 nm at i = 25 mA/cm2 to Dint
= 70 nm at 1000 mA/cm2, and the proportionality constant, ζ,  reduces from 2.1 to 1.75 
nm/V respectively. The results indicated that the current density is a key parameter that 
controls the cell size if the potential remains constant. The pore depth in hard anodic 
alumina formed at a current density of 120 mA/cm2 is from 11.5 µm at 27 V to 40 µm at 
32 V. During anodizing at 40 V, the pore depth linearly decreases with increase of 
current density i.e. the respective values are 320, 178, 129 and 73 µm for current 
densities of 25, 50, 120 and 1000 mA/cm2.  
The resultant anodic alumina oxide films have low mechanical properties showing i.e. 
embrittlement, cracks, burns and cell junction weakness[158,171,173]  and their appearance is 
greenish brown to dark brown in colour, with the exception of anodic alumina grown at 
40 V with a limiting of the current density (≥ 750 mA/cm2), which is transparent and has 
approximately similar poor mechanical properties, for instance cracks.[169]  Lee et al[170]
suggested that an improvement of mechanical properties can be achieved by forming a 
thin oxide layer with thickness of > 400 nm under conditions of mild anodizing, such as 
in 0.3 M oxalic acid at 40 V for 5 – 10 minutes; the anodizing voltage is then increased 
slowly at a rate of 0.5 – 0.9 V/s to reach the target voltage for hard anodizing.  
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Anodic alumina formed at 40 V at 1 0C in sulphuric acid for various times from 15 – 180 
minutes is greenish light gray in colour; both the interpore distance and the 
proportionality constant of interpore distance decrease with an increase of the current 
density[169]. Moreover the anodic alumina formed at 65 V at -1.5 0C in sulphuric acid for 
times from 15 to 180 minutes has light gray colour. The ratio of the interpore distance to 
the anodizing voltage (ζ) and the cell size are a function of the current density.[169] In a 
comparison of both anodic alumina films, the interpore distance of the anodic alumina 
grown at 40 V is low (78 nm) compared with that (114 nm) for alumina formed at 65 V, 
however the proportionality constant of interpore distance at 40 V is higher (1.95 nm/v) 
as compared with that (1.75 nm/V) formed at 65 V. Noticeably, self-ordering nanopore 
formation of alumina formed at 65 V only takes place in the range of current density 
between 34 – 81 mA/cm,2 therefore the current density must be a governing parameter to 
obtain ordered pore growth. Furthermore, the largest domains, noticed for an anodic 
alumina film formed at 40 V were 7.85 µm for i = 41 mA/cm2 and t = 120 minutes; at 65 
V the domains were of size 4.85 µm for i = 34 mA/cm2 and t = 90 minutes. 
Pore growth in hard anodizing is faster than under conventional mild anodizing. For 
instance, for an anodic alumina film formed at 40 V, the pore depth (Tp) is 95 µm for i = 
127 mA/cm2 and t = 15 minute and 360 µm for i = 27 mA/cm2 and t = 180 minute. 
Moreover, for alumina anodic produced at 65 V, the pore depth (Tp) is 155 µm for i = 
135 mA/cm2 and t = 15 minute and 400 µm at i = 25 mA/cm2 and t = 120 minute. These 
anodic films showed an improvement in the mechanical properties, such as fewer cracks 
and weak junctions between three neighbouring cells, otherwise, this mechanical 
properties improvement is linked to local temperature reduction. 
Notably, periodic oscillation of pore diameter occurs during anodizing under 27 – 32 V, 
which is accompanied by strong evolution of gas bubbles over the complete specimen 
surface.[169] Typical gas bubbles, with radii of about 40 nm, can be produced, with an 
estimated gas pressure as high as 100 MPa[174,175]; this pressure may cause plastic 
deformation of pore walls. During the anodizing process, the dynamic expansion of 
oxygen bubbles produces stress which causes flow of a new alumina material underneath 
the pore bases toward the cell walls.[176] Lee et al[169] said that a periodic oscillation of the 
68
reaction rate may cause a periodic oscillation of the rate of gas bubbles formation giving 
periodic changes in compressive stress and the pore diameter.  
A pulse anodizing approach is a new method based on application of periodic pulses 
using a potentiostat in sulphuric acid i.e. a low potential pulse followed by a high 
potential pulse to combine mild anodizing and hard anodizing to obtain the advantages of 
the mild anodizing and the hard anodizing processes. This approach controls the pore 
structure and chemical composition of the anodic alumina oxide film in three dimensions, 
which is very suitable for nanotechnology applications.[151] The proportionality constant 
of interpore distance of hard anodic alumina is ζHA = 1.8 – 2.0 nm/V,[158,169,170,177,178]
which is low as compared to that of anodic alumina oxide formed under conditions of 
conventional anodizing utilizing sulphuric, oxalic and phosphoric acids ζHA = 2.5 nm/V. 
[2,53,179]
 The current density–time transient of hard anodizing under a specific voltage 
(potentiostatic) shows that the current density reduces exponentially with an increase of 
anodizing time[169,170,177] after an initial steep surge. In contrast, during anodizing under 
conventional mild conditions at a given voltage, the current density after such an initial 
strong surge remains steady during further anodizing. It is reported that the cell size rises 
as the current density reduces for hard anodizing at constant voltage;[169,170,177] according 
to this fact, Lee et al[151] suggested that the current density should be kept at a certain 
level to obtain long – range ordered anodic alumina with a suitable cell size. To avoid 
disordering or branching of pores, the given voltage and pulse duration must be carefully 
chosen in both hard anodizing and mild anodizing conditions for this approach. 
Therefore, pulse parameters should be as follows: a mild anodizing pulse at 25 V of 
duration 180 s, followed by a hard anodizing pulse at 35 V of duration 0.1 s.  
The fracture mode[56,173] occurs through pore centres, not across cell boundaries, 
suggesting that the resultant anodic alumina film has good mechanical properties, such as 
wear resistance. Thus the absence of cracks along cell boundaries indicates that there is 
no weakness in the junction strength of cells in the anodic alumina film.[158] 
Voids with sub – nanometre size can only be seen by viewing them out of TEM focus i.e. 
under focus or over focus to reveal a light spot with a dark border or a dark spot with a 
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bright periphery.[180,181] These cavities usually exist at a triple junction of the three 
neighbouring cells and along the boundaries of cells, as well as in the pore walls for 
anodic alumina films formed by hard anodizing, in contrast to anodic alumina oxide films 
produced by mild anodization and pulse anodizing approaches.[151] These sub – 
nanometre – sized cavities possess a random distribution but are mainly located around 
the pores. This phenomenon suggests that the hard anodic alumina films may be of low 
density and less compact than the films formed by mild anodization. Spherical voids 
containing crystalline γ-Al2O3 particle are localized at the triple junction of three 
neighbouring cells of the anodic alumina film; the void size is a function of the anodizing 
voltage[162,182] and has been suggested to arise from condensation of cation vacancies.[183]
The mechanism of formation of voids in the pore wall and along the cell boundaries of 
anodic alumina can be due to oxygen gas bubble evolution from the anodized surface 
during hard anodizing. These oxygen bubbles are mainly produced from oxidation of the 
O2- ions of the anodic alumina at metal/oxide interface.[184,185]     
 O2- →  ½ O2 + 2e-    
The anodic alumina films formed by H2SO4-based pulse anodization possess potentially 
attractive structural features, such as the existence of modulations of pore diameters 
along the pore axis[151]. 
The porosity of hard anodic alumina produced by an oxalic – based process is around 30 
% less than that formed by mild anodizing.[170] The rate of chemical dissolution of anodic 
alumina has a strong influence on the pore size, which is governed by the value of the pH 
at the pore base.[155] The reported reduction in porosity of hard anodic alumina film 
formed in oxalic acid as compared with anodic alumina grown in oxalic acid under mild 
anodizing, can be caused by enhanced proton activity at the pore base, which is 
associated with Joule heating due to the high electric field.  
The anodic alumina films fabricated individually in 2.7 wt % oxalic, 1.7 wt % sulphuric 
and 10 wt % phosphoric acid electrolytes at constant voltages of 25 V, 40 V and 160, and 
at 10 0C, 10C and 30C respectively, provide self-ordered hexagonal pore arrays with 
respective values of interpore distance 60, 95 and 420 nm, with ordered domains of 
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approximately the same size and independent of interpore distance. The interpore 
distance of the self-ordered pore arrangement is proportional to the anodizing voltage[147], 
as found also for a disordered pore arrangement.[179], Moreover, the volume expansion 
factor  varies from 0.8 to 1.7; the best self - ordered array arrangement is achieved with a 
moderate expansion factor of 1.4, independent of which electrolyte is utilized[147].  
Masuda, et.al.[145] fabricated anodic alumina by utilizing 0.3 M sulphuric at 0 0C with 
varied constant voltage of 20, 23, 25 and 27 V for specific times, namely 1500, 1000, 706 
and 450 minutes respectively, to maintain the thickness of the resultant film 
approximately constant at 25 ± 3 µm to study the influence of the voltage. They found the 
ordering of the cells depends on the anodizing potential, and the best self – ordered 
nanopore arrays can be achieved at 25 to 27 V. This voltage range (25 to 27 V) does not 
provide self-ordering of the cell arrangement with anodizing in oxalic acid. Moreover, 
their study showed the effect of the film thickness or anodizing time on the self-ordering 
nanopore arrangement by forming porous anodic films under a given potential and given 
temperature i.e. 25 V at 10 0C for various times 9, 36 and 750 minutes, to film 
thicknesses of 2.4, 10.6 and 202 µm respectively. The self-ordering nanopore arrays were 
dependent on the anodizing time, and the best self-ordered pores were achieved at 750 
minutes. However, the temperature and the concentration of the sulphuric acid have no 
obvious effect on the arrangement of the self-ordered pores. In general, the cell/pore 
ordering can only be occurring at the bottom of the film. The low preferred potential (25 
– 27) for sulphuric acid enable researchers to produce anodic alumina with small features 
such as interpore distance and pore diameter compared with those of films formed in for 
oxalic and phosphoric acids. 
For the anodic alumina films formed individually in 0.3 mol/dm3 sulphuric acid at 20 0C 
at 25 V, 0.3 mol/dm3 oxalic acid at 20 0C at 40 V and 0.2 mol/dm3 phosphoric acid at 0-5 
0C at 195 V with respective values of pH of 0.1, 1.2 and 2.3, the best self-ordering was 
achieved when the dpore/dcell ratio was 0.3, which is identical to 0.1 porosity regardless of 
the electrolyte type[154]. This ratio reduces with increasing electric field strength.  
Following anodizing in 0.3 mol/dm3 oxalic at 30 V for 1 h, the cell homogeneity of the 
alumina is very inferior. However, when the anodizing time increases  to 1 h and 40 min. 
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under the same voltage, the cell homogeneity improves, but not as much as that of the 
alumina grown at 40 V with similar thickness. Moreover, anodizing at 40 V just under 
the critical voltage for optimum ordering, the homogeneity of the cell size and domains 
of self-ordered cell arrays improves with prolonged anodizing time. Similar behaviour 
occurs for anodizing in sulphuric and phosphoric acid under critical voltages 25 and 195 
V respectively. Clearly from the results of previous study, the film thickness plays an 
important role for highly ordered porous alumina. However for alumina formed in 
phosphoric acid under conditions giving rise to local burning, the self-ordering of cells at 
the centre of the nodules on the film surface is higher than other outer regions of the 
nodule because of the current density at the nodule centre seems to be higher than other 
regions of the nodule. Thus the electric field strength “current density” is more important 
than the thickening of the alumina film itself. An interpore distance of 600 nm in anodic 
alumina can be produced by anodizing in 2 mol/dm3 citric acid at 240 V just before 
burning voltage (245 V)                
1-5 Mechanism of formation of anodic alumina films on high purity aluminium  
During the steady – state formation of amorphous anodic alumina films fabricated on 
valve – metals, for instance, aluminium and tantalum, the ionic current density (i) is 
dependant on the electric field strength (E) which is generated through the forming 
material film according to the following equation[121]: 
               
I = A exp (βE) = A exp (βV/d) 
where A and β are temperature dependent constants, V is the voltage and d is the film 
thickness. Anodic alumina films grow by counter migration of both cations and anions 
across the film thickness under high electric field. Approximately 40 % of the ionic 
current is carried by Al3+ and the remaining 60 % by O2-ions. If there is no loss of species 
to the electrolyte, the Al3+ ions contribute to develop the film at electrolyte/oxide 
interface and O2-/OH- ions contribute to develop the film at oxide/metal interface, as seen 
in figure (1-5.1). In figure (1-5.2), foreign species derived from electrolyte are 
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incorporated into the film and contribute to film formation. Positively-charged species are 
transported outwards through the film material at rates different from that of Al3+ ions eg, 
W6+. In contrast, negatively charged species migrate inwards usually at a lower rate than 
O2- ions for example SO42-, CrO42-, PO43- and COO2-. Immobile species may also exist in 
the film for instance boron. The mobility of particular cations species is related to the 
strength of the metal – oxygen bond as compared with the strength of the aluminium – 
oxygen bond. 
1-5.1 Pore initiation
Porous – type films are commonly grown under constant current density or constant 
voltage conditions as shown in figure (1-5.3)(a) and figure ( 1-5.3)(b). During anodizing 
under a constant current density, the voltage – time transient shows an initial linear rise of 
voltage; the voltage then reaches a maximum value and subsequently decreases to a 
region of relatively constant voltage. The current – time transient for anodizing under 
constant voltage reveals a strong initial surge of current density, followed by steep 
reduction in current density to a minimum value and then an increase in current density to 
reach a steady value. The stages of anodizing are marked on the voltage-time and current 
density-time transients. 
In stage (I), at the beginning of anodizing, as seen in figure (1-5.3)(c), a barrier oxide 
layer forms. 
In stage (II), some fine featured paths form on the outer region of the barrier oxide.  
In stage (III), development of individual pathways occurs across the barrier oxide 
(embryo pores).  
In stage (IV), close packed hexagonal cells with central pores are formed, which are 
separated from the aluminium substrate by a scalloped hemispherical barrier layer. This 
anodizing process is affected by anodizing conditions used, i.e. voltage or current density, 
temperature and concentration of electrolyte. 
Keller et al.[2] said that the formation of  porous – type film occurs as result of the balance 
between the growth rate of film and the rate of chemical dissolution of the film material 
by the aggressive electrolyte. Initially, the porous – type film forms similar to a barrier – 
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type film, in which the pores are initiated at sensitive points arising from preferred attack 
by the aggressive electrolytes. Pore initiation happens at thinner regions of the film 
according to local Joule heating which is caused by an increase in current density. 
Combination of local Joule heating and the aggressive anodizing electrolyte leads to a 
high rate of chemical dissolution at the pore base. In conflict with previous suggestions, 
some studies[52,186,187] revealed that the temperature due to Joule heating effects is not 
enough to provide the necessary rate of chemical dissolution which is required for pore 
initiation. Nagayama et al[187] showed that during steady – state anodizing in sulphuric 
acid, the increase of temperature at the pore base is less than 1 K. Mason[52] found for 
anodic alumina grown in sulphuric acid, the temperature rise is 4.5 K for specimens 
anodized with an agitation system for electrolytes and 15.3 K for electrolyte without 
agitation. 
Arrowsmith et al[188] utilized electron microscopy and stress measurement to examine 
porous–type films grown in sulphuric acid. They suggested that initiation of pores occurs 
at random positions, appearing as flaws. The pores then rearrange in a more regular 
structure of cylindrical cells, relieving the stress in the film. 
Hoar and Yahalom[9] investigated anodizing of aluminium under constant voltage in 
sulphuric acid and sodium hydrogen sulphate solutions (H2SO4/NaHSO4) with different 
concentrations and different pH. They proposed that the film resistance rises and the 
current density reduces when the barrier – layer thickens at the early stage anodizing with 
the potential drop across the film rising and the potential drop through film/electrolyte 
interface reducing. Pore initiation only takes place when the electric field at the 
film/electrolyte interface is sufficiently low to enable activated protons (H+) to enter the 
film thermally. They suggested that if the Al3+ ions migrate at a high rate compared with 
O2-/OH- ions in the steady – state region, a positive ionic space charge is formed in the 
barrier layer close to the nucleated pore. The distribution of this positive space charge 
tends to stop further protons (H+) from moving from electrolyte into the barrier layer.  
This inhibiting effect will be in the greatest value in the vicinity of the developing pore 
nucleus, preventing further concentration of current near the pore. So the expectation for 
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the initiation of a second pore rises with increase in the distance from the first formed 
pore, giving a regular distribution of positions of pore initiation across the 
film/electrolyte interface. 
Work of O’Sullivan and Wood[53], using anodizing at constant current density, figure (1-
5.4) revealed that the pore initiation occurs because of the non-uniform current 
distribution during the initial growth of the film, as follows: 
a) An initial uniform distribution of current density during formation of a uniform 
thickness of barrier layer 
b) Irregular thickening of the barrier layer at preferential locations i.e. due to 
impurities and sub-stracture, generating spots of thicker film material. 
c) Initially current is focused at these thicker spots enabling them to grow and 
increase in number, then they merge forming thin regions of the film between 
them. Finally the current is concentrated at the thin regions of the film material, 
which are the precursors of steady – state pores. 
d) For pore initiation to proceed and keep the electric field strength through the 
developing barrier layer, some pores stop growing. Therefore, the pore initiation 
develops as a competition between film growth and chemical dissolution of the 
film material under the electric field at the pore base. This phenomenon is 
affected by film composition and local Joule heating effects.[53,43]  
Thompson et al[14,43,123] have shown that Al3+, O2- and OH- ions in barrier – type anodic 
films are mobile under the electric field. The level of solid material development at the 
oxide/electrolyte interface is dependent on the anodizing conditions, such as current 
density, composition and pH of electrolyte. In steady conditions of pore initiation and 
growth, the current density is lower than the critical level of current density which is 
required for formation of solid film material at oxide/electrolyte interface, namely no 
Al3+ ions contribute to form the film at the oxide/electrolyte interface but the whole of the 
outwardly mobile Al3+ ions are ejected to electrolyte. This means that film material only 
forms at the metal/oxide interface by inward migration of O2- and OH- ions. The outer 
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region of the film at oxide/electrolyte interface is subjected to electric field – enhanced 
chemical dissolution. 
Thompson et al[123] suggested that the electric field – assisted chemical dissolution takes 
place at the outer film surface, leaving paths that penetrate the film. These penetration 
paths do not heal because of the whole of the outwardly mobile Al3+ions are injected into 
the electrolyte without contributing to the film growth. Thus, they develop into regular 
pores due to the focus of electric field underneath and in vicinity of them, leading to field 
assisted – chemical dissolution that is possibly enhanced by Joule heating effects. 
Localized scalloping at the metal/oxide interface arises from the regions of concentrated 
current at the pore bottoms and the region between developing pores which have low 
field strength. Finally scalloped regions merge, resulting in the steady –porous 
morphology. 
Thompson et al[43] found that the thickness of the barrier layer remained constant, at 
specific value, underneath each pore. As well, the dimensions of the cell and the pore are 
roughly constant. The pore diameter, cell size and the thickness of barrier layer are 
directly proportional to anodizing voltage.[53] An equilibrium between film growth   at the 
barrier layer/metal interface and thermally induced field-assisted dissolution at the barrier 
layer outer surface governed the film growth. 
1-6 Comparison of pore development by flow model and dissolution model 
The anodic films formed on high purity aluminium are usually amorphous with a 
composition that may be affected by the electrolyte, for example through incorporation of 
sulphur and phosphorus containing anions occurs from sulphuric and phosphoric acid 
electrolytes.[52,87] The porous – type films consist of a relatively thin barrier layer at the 
oxide/metal interface; this barrier layer at the bottom of each cell is roughly 
hemispherical. The porous layer, in the outer region of the film, contains an 
approximately close packed arrangements of equal sized, hexagonal cells with nearly 
cylindrical pores located in their centres.[144,152,153,163] The cell size, pore diameter and 
76
thickness of barrier layer are proportional to the anodizing voltage, with typical ratios of 
the order 1 nm/V. The precise values are dependent on the anodizing conditions i.e. the 
electrolyte composition, current density and the temperature. Furthermore, the thickness 
of the porous layer is proportional to the charge passed during anodizing. Pores have 
been proposed to form as a result of thermally – assisted, field – enhanced chemical 
dissolution of anodic alumina at the bottom of each pore.[189]  
The theory of field-assisted dissolution for anodic alumina, which is mostly ionic in 
nature, has been developed by O’Sullivan and Wood.[53] The dissolution of alumina 
involves the breaking of Al-O bonds inside the film lattice, producing Al(H2O)63+  and 
possibly H2O. Two processes have been suggested to cause this weakening of the Al-O 
bonds: hydrogen bonding of the outer regions of the barrier layer, and much more 
significantly, the existence of the electric field across the oxide/electrolyte interface at the 
pore bottom. Bernal[190] suggested that hydrogen bonding weakens the Al-O bonds and 
facilitates the dissolution of the alumina material. A redistribution of the electron cloud of 
any O2- ions that are involved in hydrogen bonding takes place, causing an effective 
lowering of the charge on O2- ion, reducing the Al-O bond strength. Figure (1-6)(a) 
reveals the oxide next to the solution before applying the electric field. In figure (1-6)(b), 
under application of the electric field, the bonds in the oxide lattice are effectively 
polarized. Adjacent to and at the barrier layer surface, the Al-O bonds increase in length 
due to the electric field which tends to pull the O2- ions into the oxide and to push the 
Al3+ ions into the solution. Figures(1-6)(c) and (1-6)(d) reveal the weakening of the Al-O 
bonds via solvation of the Al3+ ions by water molecules and the removal of O2- ions by 
H3O+ ions producing water. 
Just prior to the critical instability condition of the oxide/electrolyte interface, the film 
overwhelmingly grows by inward transport of O2- ions at oxide/metal interface, i.e. 
approximately all of the outward migrating Al3+ ions are lost to the electrolyte, as in 
figure (1-6.1). The atomic density of the aluminium is of 6.02 x 1022 cm-3 and 3.66 x 1022
cm-3 for Al3+ ions of anodic alumina of density roughly 3.1 g/cm3.[31] The ratio of the 
volume of alumina per aluminium ion to that of the aluminium per aluminium atom is 
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1.64. Under the critical condition approximately 40 % of atoms of oxidized aluminium 
ions do not contribute to the film thickness, since they are lost to electrolyte. The volume 
expansion factor is therefore around 0.98, since loss of Al3+ ions by field – assisted 
ejection decreases the efficiency to approximately 60 %. This efficiency will reduce 
further by any extra loss of aluminium species by dissolution of the oxide, which 
produces the pore volume. From the previous considerations, the planes of the final film 
surface and the original metal surface are similar at the critical efficiency. This manner of 
film growth and pore formation, i.e. with efficiency less 60 %, is compatible with 
alumina films formed in borax and chromic acid electrolytes, with 50 % efficiency. These 
films are composed of relatively pure alumina, with negligible volume expansion, namely 
suggesting that pore development is consistent with a dissolution model. In addition, 
tungsten tracer distributions in the alumina formed in borax acid gives further evidence 
that the pore formation depends on dissolution model, i.e. the scallop “trough” of the 
aluminium/film interface reaches the tungsten tracer first, then the tungsten oxidizes and 
migrates outward, to reach the pore bases as shown in figure (1-6.2)(a).  
Other researchers have investigated the mechanism of pore initiation; a tungsten tracer 
was implanted into the middle of sputtering-deposited aluminium layer, followed by 
anodizing in phosphoric acid. Firstly, the deposited aluminium layer oxidizes forming 
porous alumina. Secondly, when the metal/oxide interface reaches the tracer, the tungsten 
oxidation takes place. This occurs for the tracer first underneath the pore base, followed 
by oxidation of the tracer beneath the cell boundaries. It is known that the tungsten 
species is a cation, which in barrier films migrates outward at a rate 30 % lower than that 
of Al3+ ions.[191] Therefore, tungsten species incorporated underneath the pore regions 
should lie over those located under cell wall regions. However the W+6 ions first enter the 
oxide underneath the pore bottom and do not penetrate to the film/electrolyte interface as 
expected on the basis of the outward migration of cations, as seen in figure (1-6.2)(b). In 
the region beneath the pore base, the velocity of the downward flow is higher than that of 
the upward velocity of the ion migration, which makes the W+6 ion band underneath the 
pore base take a concave shape. Finally, the lateral component of the flow velocity 
pushes the W+6   ions into the pore walls. The W+6 ions carry on moving up into the pore 
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walls due to the negligible electric field in this region. Figure (1-6.3) shows that the flow 
obstructs the upward movement of the W+6 ions band at the left of the peak, while the 
tracer at the right of the peak lags behind because it oxidizes lastly[192]. Moreover the 
tungsten-rich layer is not found at the pore bottom[193]. However, according to a 
dissolution model of pore formation, it is expected that tungsten species would migrate to 
the pore bases. Thus the dissolution model is inconsistent with the distribution of 
tungsten species in the film.   
During anodizing of high purity aluminium individually in sulphuric and phosphoric 
acids, the depths of penetration are about 95 and 70 % of the barrier layer thickness and 
cell wall thickness for sulphur and phosphorus species respectively in the resultant anodic 
alumina films.[194] It is known that the inward transport rate of incorporated anion species 
is slower than that of O2- ions, therefore a layer of relatively pure anodic alumina is 
present next to the metal/oxide interface. Since the barrier layer thickness is always 
constant and the incorporated anion species migrate inward at a slow rate compared with 
O2- ions, according to the chemical dissolution model, the contaminated layer with anion 
species should decrease in size with increase in anodizing time until it completely 
disappears from the barrier layer. This is contrary to observed behaviour (the presence of 
an anion-containing layer), so there is no significant role of field assisted chemical 
dissolution.              
For alumina film formed in phosphoric acid, the pore generation and the constant 
thickness of the barrier layer mainly arise as result of flow of oxide underneath the pore 
base in the barrier layer towards the cell wall regions due to growth stresses, such as 
compressive stresses results from electrostriction,[195] and field – assisted plasticity of the 
film material. This displacement of the film material from beneath the pore base toward 
cell wall regions is accompanied by an increase in the anodic film thickness, compared 
with that of consumed aluminium, by factor of a 1.35[193]. The flow model is consistent 
with the inward migration of electrolyte species and their incorporation into the alumina 
and the distribution of tungsten tracer in alumina formed in phosphoric acid. 
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During formation of the anodic alumina, with the electrolyte filling the pores, a high 
electric field strength, of about 107 V/cm, is established in the barrier layer to drive ionic 
transport, whereas elsewhere in the film, the field is low and ionic transport is negligible. 
This ionic transport in the barrier layer involves the counter transfer of Al3+ ions and O2-
ions. 
As can be seen in figure (1-5.1), for barrier – type film formation at 100% efficiency a 
flat and uniformly thick film forms with 40% and 60% of the film thickness forming due 
to Al3+and O2- ions migrate respectively under conditions of no loss of Al3+ ions to the 
electrolyte. For other growth conditions, the efficiency of anodic alumina formation is 
dependent on the proportion of ionic current carried by the Al3+ ions which is ejected to 
electrolyte. Usually, the efficiency is reduced by decreasing the current density or 
voltage, change to more acidic or more alkaline conditions, or increasing the temperature. 
In the case of porous film growth, the film grows only by inward migration of O2- ions at 
the oxide/metal interface, since the outwardly mobile Al3+ ions are ejected to electrolyte 
and no film growth occurs at the oxide/electrolyte interface, which makes a flat film 
surface unstable. Perturbations in the surface topography cause localized rise of the 
electric field,[123] giving rise to pore initiation. Alumina films formed in sulphuric, oxalic 
and phosphoric acid electrolytes contain foreign species such as AlPO4 or Al2(SO3) 
depending on the type of electrolyte used. These films have features that appear 
inconsistent with the dissolution model; namely with respect to 
i) the distribution of incorporated species in the barrier layer region. 
ii) volume expansion factor. 
iii) the distribution of tungsten species tracer in the alumina on Al-W alloys[196,197]
iv) the distribution of O18 tracer in the same amount on the film surface after 
reanodizing  in O16- rich electrolyte.[118]
The volume expansion factor rises as the current density increases.[198] The volume 
expansion factor for alumina films grown in sulphuric, oxalic and phosphoric acid 
electrolytes is determined by;[119] 
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i) the Pilling-Bedworth ratio 
ii) the porosity of the film 
iii) the influence of incorporated foreign electrolyte species 
iv) the efficiency of film growth   
The flow is enabled by the barrier layer plasticity, due to participation of most of the film 
components in ionic transport.[136] Evolution of oxygen gas bubbles in films formed on 
Al-Cu alloys, without cracking of the film, gives evidence that the films possess a plastic 
property under the field. The pressure in the bubble is evaluated as up to 100 MPa,[174,175] 
Similar stresses are estimated which is due to electrostriction, which is enough to cause 
film deformation.[195]  
PO2 α 1/r    
where r is the radius of the oxygen gas bubble.  
1-7 Burning
Burning is a phenomenon that occurs on aluminium under certain anodizing conditions. It 
is characterized by very high local current densities, which cause high local 
temperature.[200-203] The burning region of the film contains thicker degraded oxide, 
which can be recognized easily from the rest of the alumina.[204] The burning appears as a 
whitish spot on the coating surface in the case of formation in sulphuric or phosphoric 
acid electrolytes. However, it takes a black or brown colour when anodizing in organic 
electrolytes, e.g. oxalic and malonic acid.[161,200,201] The burning tends to form at a lower 
acid concentration or when the concentration of the sulphate, for example aluminium 
sulphate or magnesium sulphate, rises leading to suppression of chemical dissolution of 
the film[205]. The formation of burning in the anodic film is promoted by high current 
densities, low anodizing temperature, low concentration of sulphuric acid, or the addition 
of sulphate salts to the sulphuric acid electrolyte[206].  Figure (1-7) shows four steps of 
anodic film formation on voltage-time and ∆V/∆t-time response; step (1) initial formation 
81
of anodic film; step (2) the stage extending between the maximum value of ∆V/∆t to a 
value of zero, with the initial nanopores starting to form at the beginning of this step; step 
(3) when ∆V/∆t value goes from zero to negative values followed by rising up to form a 
valley, with the valley shape being influenced by anodizing conditions i.e. decreasing 
acid concentration, decreasing temperature and increasing current density lead to change 
in the valley shape forming nodules; step (4), when the voltage value becomes steady and 
∆V/∆t is zero[206]. Many efforts linked the initiation of burning, as a local phenomenon, to 
the developing heat during aluminium anodizing, however the relation is not established 
clearly yet. Some studies[200-203] show that the key factor of burning initiation is the 
balance between the generated heat that occurs during the anodizing process and the heat 
removed. Local heat generation is associated with Joule heating effects, which arise from 
the ionic current passing across the highly resistive oxide layer. Local heat increases as 
the anodizing current density or voltage increase. Removal of local heat during anodizing 
mainly depends upon the conductivity of the aluminium substrate and the electrolyte 
convection, and hence the electrolyte agitation system. 
Thinner electrodes are more subjected to burning than thicker electrodes because heat 
conduction and distribution of local heat away from the aluminium/oxide interface is 
limited to a small volume of aluminium.[200,207] Thus, a governing factor of triggering of 
burning is the heat transfer rather than the heat alone.  Enhanced cooling of the anodized 
specimen by a decreased temperature of the bulk electrolyte only aggravates 
burning,[200,202,203] so hard anodizing is more subject to burning.[200,204] Measurements[201-
203]
 of the local temperature, utilizing thermocouples reported a sudden rise of local 
temperature on the specimen in the burning area and the surrounding region. High local 
thicknesses of the oxide in the burning area[201-203] reveals the high local current density 
in the burning area. De Graeve et al[202,203] proposed that the highly concentrated current 
during burning is due to the flaws in the oxide film, which produce more conductive 
paths. When anodizing under a constant current density in sulphuric acid, burning can be 
considered as a breakdown phenomenon. The occurrence of burning is related to 
deflections and low fluctuations in the initial reduction of anodizing voltage and increases 
in local temperatures in the burning area coinciding with decreases in temperature in the 
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non-burning area. The morphogical appearance of the burning can be seen as whitish 
nodules or hillocks with an undulating oxide surface in the burning area. The oxide 
nodules consist of two regions; an upper region has a porous tube-like microstructure 
covered by a thin porous layer, while a lower region has a microstructure similar to that 
of the alumina oxide in the non-burning area.  
Figure (1-7). Potential-time (V-t) curve and the differentiated curve for an Al1050 sample 
anodized in a 15 wt % sulphuric acid at 15 mA/cm2 and 293 K; the different times of t1, 
t2, and t3 correspond to different potentials V1, V2, and V3: current density of (a) 12 
mA/cm2, (b) 18 mA/cm2[317]. 
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1-8 Oxygen
Oxygen bubbles form in the anodic film adjacent to oxide/aluminium interface for 
aluminium or aluminium alloys containing impurities or second phase.[208-210] The growth 
of porous anodic alumina is sometimes accompanied with oxygen evolution, and oxygen 
evolution has been suggested to be as indicator for porous film growth i.e. transformation 
from barrier film to porous film.[184]  The oxygen gas is generated as follows. 
Initially, a barrier alumina film forms on the substrate surface  
2Al3+ + 3O2-→ Al2O3 + 6e 
Secondly some of the barrier alumina regions dissolve 
Al2O3  + 6e → 2Al3+ + 3O2- 
When the anodizing voltage increases to a high value, O2- in the alumina oxidizes 
O2- → O2 + 4e 
 The anodic alumina films fabricated on certain aluminium alloys is accompanied by 
development of O2 gas bubbles inside the film material.[174,211]  The small size of the gas 
bubbles (~ a few nanometres), indicates that the pressure within the bubbles reaches 
several hundred MPa.[204] Moreover, the number of oxygen bubbles may be high, 
approximately similar to the volume of solid film material.[211] In addition to the loss of 
charge as result of oxygen generation, the efficiency of film growth is decreased when 
the bubbles burst and the damaged regions heal. In the case of an increase in oxygen 
generation, the film will be severely degraded by mechanical damage and penetrated by 
the electrolyte such that a significant portion of the film thickness no longer supports the 
electric field.[212] The oxygen bubbles are nearly spherical in shape and grow in diameter 
as the film grows.[175] The generation of oxygen bubbles occurs closely after the 
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incorporation of alloying elements species such as copper and chromium species into the 
anodic alumina film grown on Al-Cu[213] and Al-Cr[214] alloys, whereas in the early stage 
the alumina grows on the alloy surface with insignificant oxygen generation. However, 
later when the level of enrichment of alloying element is sufficient for it to be oxidized, 
oxygen bubble evolution commences.  
1-9  Hard anodizing  
Hard anodizing is the process used to produce anodic oxide coatings with film hardness 
and abrasion resistance as their primary characteristic under the particular anodizing 
conditions, which usually involve very low temperature, high current density or special 
electrolytes. The typical components that are treated require very wear resistant surfaces, 
for instance pistons, cylinders and hydraulic gear. 
1-9.1  Conditions of hard anodizing films 
Early German[215] work used oxalic acid to produce hard and thick anodic oxide films, 
but in Russia[216] and the UK[217] sulphuric acid was preferred. Use of these electrolytes at 
very low temperature leads to reduced dissolution of the anodic oxide film and hence loss 
of metal. 
 A limiting film thickness is obtained when the chemical dissolution rate of the film is 
equal to the rate of film growth. The chemical dissolution of the film is influenced by the 
concentration of electrolyte and its temperature; the film growth rate is affected by 
anodizing current density. The optimum conditions to produce very thick anodic oxide 
film usually employ an electrolyte of low oxide dissolving power at low temperature and 
high current density. However, a high voltage normally leads to high local temperatures, 
which causes local breakdown of the anodic oxide film. Thus, agitation of the electrolyte 
is important during anodizing to tackle this problem.  
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The applications of thick hard anodic oxide films are widespread. The films can replace 
hard chromium plating for some applications and can be cheaper and provide better oil-
retention properties than some types of chromium deposit. However, use of hard 
anodizing is also influenced by the composition of the alloy. 
The thickness of the anodic oxide films is a function of the electrolyte type, anodizing 
temperature, current density and the composition of the alloy, i.e. for given electrolyte, 
maximum thickness of the anodic film is achieved at low bath temperature, high current 
density and voltage and high concentration of electrolyte. 
A thick film is not necessarily hard. However, work of Keller, Hunter and Robbinson[2] 
revealed that an increase in the anodizing voltage does not increase only the thickness of 
the anodic oxide film but also increases its hardness by increasing the size of the 
individual cells of the film, hence, decreasing the porosity. The hard anodizing process is 
usually achieved by utilizing sulphuric acid with a concentration of 5-15 % (vol), with 
strong air or mechanical agitation, although other electrolytes can be used including 
mixtures. 
Glenn and Martin[218], investigated the M.H.C process with dc current in 15 % sulphuric 
acid at 2.0-2.5 A/dm2 and 0 0C. This process is very convenient to form thick films. The 
solution may be saturated with carbon dioxide, but at slightly high temperature a thin film 
can be produced. This d.c. process can be limited by burning, but use of an efficient 
agitation system and appropriate electrical contacts can reduce this phenomenon. 
Jenny[91] said that the M.H.C process is difficult to apply to alloys containing over 3 % 
copper or 7.5 % silicon. However, Jogarao and Simbamutty[219] claimed that the Sanford 
process is very suitable to produce anodic oxide films on alloys with 3 % copper or 7.5 % 
silicon in a mixed electrolyte, containing sulphuric acid (7 %), peat extract (3 %), nonyl 
alcohol (0.02 %), polyethylene glycol (0.02 %) and methyl alcohol (7 %). A film 
thickness of 50 µm can be obtained at 10-20 amp/sq.ft for 53 minutes and -10 0C and in 
range of anodizing voltage of 15 to 60 V. The anodic films formed in a solution 
containing 50 g/l oxalic acid, 0.1 g/l calcium flouride, 0.5 g/l sulphuric acid and 1.0 g/l 
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chromic sulphate, with thickness of 25-50 µm, have good abrasion resistance and 
hardness values of 1400 VPN[219]. 
The DEF 151[220] method can be applied for hard anodizing in a wide range of suitable 
electrolytes provided that the level of chloride is maintained under 0.2 Nacl g/l. This 
method was developed to DEF 03-26/l[221], which can be also use any suitable electrolyte 
under the required anodizing conditions (electrolyte, current, voltage, temperature, 
agitation, time, method of jigging and sealing treatment) to produce particular 
specifications of coating, i.e. required thickness of film, with typical current densities and 
temperatures in the range of 250-4000 A/m2 and +5 to -5 0C respectively. 
MIL-A8625[222] for hard anodizing produces a type III coating with thickness of 12.5-100 
µm. However, this method can not be used on aluminium alloys with copper content in 
excess of 5.0 % or silicon content in excess of 8.0 %. A similar thickness of coating can 
be obtained by AMS 2468C[223]. The use of the British Standard method (BS 5599) is 
limited by the minimum thickness of film (25 µm) and minimum hardness value of 350 
HV determined by  the Vickers microhardness method on cross section. 
Later, many workers using sulphuric acid with d.c. at low temperature, with some using 
mixtures of acids or different electrolytes, sometimes at higher temperature, under 
anodizing conditions that can be adjusted to suit the used alloy. Oechshin[224], studied the 
film produced by a hard anodizing process used in Switzerland. This process is known as 
an Oxal-3 process which is based on sulphuric acid.  
Thompson[225], investigated the anodic oxide film grown in 1-5 % (vol) sulphuric acid 
under d.c. power at temperature of 0 0C on alloy with a low copper content. The resultant 
anodic film is made up of isolated spherical nodules of great thickness and extreme 
hardness and others regions of barrier layer. However, hard anodizing of an alloy 
containing high copper under the same conditions, produced only a barrier oxide film, 
when the solubility of the oxide in the solution is very low.  
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The number of nodules increases with increasing of electrolyte strength and these link up 
to produce an orange-peel effect, which at higher numbers transforms into a smooth, 
continuous film. The anodic films can be achieved on all wrought alloys containing low 
copper level in around 7.5 % (vol) sulphuric acid, but the formed film is solely a barrier 
layer on alloys with a high quantity copper at d.c. only. A concentration of sulphuric acid 
in the range of 7.5 % to 21 % (vol) is very suitable to produce hard anodic film on most 
aluminium alloys. However, a concentration above 21 % leads to increased solubility of 
the film, decreasing the wear resistance and hardness of the outer layers and reducing the 
maximum obtained thickness; these effects increase with an increase of copper content in 
the alloys[225].  
Thompson[225], concluded that during anodizing in 10 % sulphuric acid under d.c. power, 
the anodic oxide films were grown on all alloys with the exception of wrought alloys 
high in copper and pressure die-casting alloys are suitable. These anodic oxide films, 
with thickness of up to 100 µm, have high wear resistance and hardness (400-500 VPN). 
Films can be formed in 20 % sulphuric acid on all alloys at d.c. power with thickness of 
up to 75 µm except for alloys high in copper which result in powdery films in excess of 
50 µm. Apart from the later films, have high hardness and wear resistance on alloys 
containing low level of copper contrary to those high in copper. For anodizing in 10 % 
sulphuric acid at a.c./d.c. power, the resultant anodic oxide films on all aluminium alloys, 
with thickness of 75-150 µm, have extreme hardness and wear resistance. 
To tackle the burning phenomenon in hard anodizing processes, workers tried various 
power sources, such as a biased, pulsed or interrupted current. Jenny[91], during anodizing 
in oxalic acid, showed that the use of a.c. has an important effect, reflected by an increase 
in the film thickness. Tyukina, Ignatov, Zulivalov and Tomashov[226], reported that the 
use of superimposed a.c. on d.c. improved the characteristics of thick anodic films grown 
on aluminium alloys containing high copper levels in sulphuric acid.  
The Hardas process is a British commercial technique that has been improved by 
Campbell[227]. The control of hard anodizing process is facilitated by the use of 
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superimposed a.c. that is very important for treating large proportions of heavy-metals 
containing alloys. The Hardas process uses oxalic acid, but recently the preferred 
standard electrolyte is sulphuric acid particularly when a high current density in the 
anodizing process is required. In this case hydrogen sulphide smells may result from 
cathodic reduction of sulphuric acid at high local temperatures[228]. 
Lerner[229], reported that during anodizing under d.c. at  electrolyte temperatures from -4 
to +10 0C, no more than 18-20 V of anodizing voltage is required. This low anodizing 
voltage is very useful and leads to very low refrigeration capacity and renders the burning 
phenomenon much less likely during the anodizing process. 
Permaloy[230] used sulphuric acid-sodium lignosulphonate electrolyte and a pulsed direct 
current for hard anodizing. Poll[231] advised the use of a 3-phase pulsed current rectifier. 
In Japan, Ikuta, Ueda and Koizumi[232] found that the hard anodic films produced by 
pulsed current are harder than those formed by d.c. current. Workers in Hungary such as 
Csokan[233], Lichtenberger-Bajza[234], Csokan[235], Csokan[149], Csokan[236] and Mitt[237] 
used very dilute solutions containing 0.5-2 % sulphuric acid at temperatures of -5 to +5 
0C for an hour at 20-80 V, the resultant anodic oxide films with thickness of 150-200 µm, 
have high values of hardness and lower porosities (2-4 %) than those formed in 
concentrated acid (14-20 %).  
Csokan and Trans[238] showed that these films also have different structures of the barrier 
layer than those formed in more concentrated acid, i.e. the films grown in 1.0 % H2SO4
and H3BO3  have a barrier layer with maximum thickness 380 Ǻ. Generally, these anodic 
oxide films consist of 25 % anhydrous aluminium sulphate as well as boehmite. 
Csokan and Hollo[239] studied anodizing in 0.1 M sulphuric acid at 45-60 V in the 
temperature range of -1.0 to +1.0 0C. They reported that the formed hard anodic films 
with thickness of 100-250 µm have very high hardness 600-620 VPN. However, they 
found that true hard films do not form below 30 V; additionally, above 70-75 V, local 
overheating takes place. Later, Csokan[240] produced hard anodic films at current densities 
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of 4 to 20 A/dm2 in very dilute sulphuric acid at temperatures from -1 to +1 0C at 50-65 
V. However, during anodizing in very dilute solution, freezing of the electrolyte is a big 
disadvantage. This problem must be tackled by adequate circulation. 
Csokan[241] revealed that these anodic films provide a good corrosion resistance, which  
enables their use in warm, humid atmospheres, and have good polishing properties that 
are suitable for purposes that require grinding or polishing as a final operation. However, 
these films are rougher than those formed in more concentrated acids. Csokan[136,242]
showed that during anodizing at voltages up to 35 V in dilute sulphuric acid, the normal 
anodizing pattern is achieved of barrier layer formation followed by uniform growth of 
clear porous films, but, above 35 V small brown hemispherical spots of thick oxide 
appeared on the surface to form primary oxidation nuclei for a second phase of growth 
surrounded by secondary oxide zones of “rosette-shape”, which spread rapidly and merge 
together giving a darker, more uniform coating than the first coating. Similar results were 
obtained by Scott[200], utilizing 10 % sulphuric acid by volume. He noticed that the dark 
coating formed on aluminium after the light coating contains a few isolated centres, 
which spread and become clear with increase of anodizing time to cover the whole 
sample. These two types of films have very little difference in abrasion resistance, which 
appears a little higher in dark film.  
Scott[200] also found that, during anodizing at a low current density of 19 A/dm2, a 
mottled appearance is very evident. However, this mottled stage, after approximately 30 
minutes of anodizing in 5 % and 10 % sulphuric acid, tends to disappear, and is not  
present during anodizing in 2.5 % sulphuric acid. This behaviour of film growth may 
exist in normal hard anodizing, but it is difficult to observe due to the rapid transition 
from light film to dark film, although Swiss[243] observed defects, in the form of islands 
of dark oxide. 
Arrowsmith and Cunningham[244], using scanning electron microscopy, studied the initial 
stages of the hard anodizing process under specific conditions and observed 
heterogeneous nucleation of the anodic oxide film. They reported in the initial stages 
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lens-shaped islands of oxide or rosettes; the initial current flow concentrated at flaws in 
the air-formed oxide film leading to fast local growth of anodic oxide. The oxide 
surrounding the flaw is fractured as a result of rapid expansion of the oxide in the flaw 
region, and hence anodic oxidation happens gradually in the surrounding region giving 
lens-shaped islands with rings of spalled oxide on the surface. 
Scott[200] during anodizing at constant current densities of 2, 4 and 8 A/dm2 found  that 
the abrasion resistance rises slightly. They reported that when the thickness was 30, 60 
and 120 µm, the abrasion resistance was 18.1, 23.6 and 27.1 g/µm respectively. However 
they found that differences in temperature (-5, 0, +5, +10 and +15 0C) do not affect the 
abrasion resistance, which also decreased by about 30 % on normal sealing.  
Laszewska[245], during anodizing at temperatures of -8 to 0 0C, found that anodic films 
formed at 2.5 A/dm2 at these temperatures are harder than those formed at 5 A/dm2 at the 
same temperatures. He also observed a good relationship between hardness and abrasion 
resistance. Koizumi, Ninagawa and Ueda[246], using anodizing in a solution of 100 g/l 
sulphuric acid and 15 g/l oxalic acid for 45 minutes at constant current density (1, 2, 4, 6 
and 8 A/dm2) and temperature (-5, 0, +5, +10 and +20 0C) to investigate abrasion 
resistance, found that the resultant anodic oxide films have best abrasion resistance at 
lowest temperatures and at high current densities, but in fact current density has a 
relatively small effect.  
George and Powers[247] found that a high sulphuric acid concentration (greater than 250 
g/l) is suitable for alloys of high copper content, such as 2024, where burning during the 
anodizing process is much less likely to occur. Mixed acid electrolytes can be used for 
hard anodizing. Lelong, Segonol and Herenguel[248] showed that when sulphuric acid is 
partially neutralized, the anodizing process can be carried out at high temperature, for 
instance, using a mixture of 18 % w/v sulphuric acid with 6.65 % w/v sodium hydroxide.   
Also additions of organic acids, i.e. citric, oxalic, tartaric or formic acid, to this 
neutralized sulphuric acid enables a high current density to be applied. 
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Oxalic acid-formic acid solution can be employed at very high current density (over 250 
A/dm2), which is convenient for anodizing of wires and strips continuously. They[248]  
designed two electrolytes; the first oxalic acid 80 g/l with formic acid 55 g/l and the 
second sodium bisulphate (NaHSO4.H2O) 240 g/l with 100 g/l citric acid. In general, 
anodizing at a constant current density of 60 amp/sq ft at 15 0C for 100 minutes can 
provide a voltage rise from 25-60 V in the first electrolyte and from 50-100 V in the 
second electrolyte. A wrought Al-Mg alloy containing 5 % magnesium can be anodized 
in both electrolytes at temperatures of up to 27 0C producing anodic films with thickness 
of up to 200 µm. The anodic film formed in the first electrolyte is grey or black and that 
produced in the second electrolyte is yellow-brown to black in colour. 
Cooling is very important during anodizing of Al-Zn-Mg alloys. For the first electrolyte 
the anodizing process must be carried out in two states; firstly anodizing at constant 
current density and secondly at constant voltage. The wrought Al-Zn-Mg alloys can be 
anodized in the second electrolyte at 6 A/dm2 for 100 minutes at 30 0C and the solution 
bath is cooled gradually at the rate of 10-15 0C per hour, producing an anodic film 200 
µm thick. Both electrolytes can be used for anodizing of French casting alloys A-G3T 
(Al-3 % Mg-0.15 % Ti), A-S2G (Al-2 % Si-0.3 % Mg ), A-G4Z ( Al-4 % Mg-0.2 % Zn ) 
and Al-Si alloys that contain more than 10 % silicon, but the resultant anodic oxide films 
are rough, so a honing process may be required. 
Later Jon et al[249], reported that a solution of 10 % (vol) sulphuric acid with 30 g/l of 
sodium sulphate is a convenient electrolyte at 0 0C and 3.6-5.4 A/dm2  particularly with 
a.c. power, for anodizing alloys containing copper and silicon. Sulphuric acid and 
magnesium sulphate electrolytes were used by Kinz Kagaku Gijustu-Cho[250]. sulphuric 
acid containing 1-10 g/l potassium sulphate is recommended by Nippon[251]. 
Etat Francais Pat. Brit[252]. reported that the bases of a hard anodizing electrolyte 
consisting of 250-300 g/l aluminium sulphate, 30-40 g/l oxalic acid and 20 g/l glycerol. 
The suitable anodizing conditions for this electrolyte are a current density of 2.5-3.5 
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A/dm2 and 10-25 0C to produce anodic films with thickness of in excess of 100 µm and 
hardness of 400-500 Vickers. 
Lichtenberger and Hollo[253] found that the anodic oxide films grown in a solution of 
formic acid of 50 g/l with oxalic acid of 80 g/l (formic-oxalic acid) at high voltage up to 
50 V, have a 540 Ǻ of barrier layer thickness and a less porous layer compared with other 
methods. The cell has a larger diameter than that formed by other methods. Isawa et 
al[254] showed that during the hard anodizing process in sulphuric acid, with addition of 
0.5 % HCl, the forming voltage is decreased by 8 %, and with addition of 1 % HCl, the 
anodizing voltage is reduced by approximately 14 %. However, the ratio of film 
thickness is decreased by 0.02 and 0.11 respectively. A similar influence is achieved by 
adding magnesium chloride, leading to a reduced consumption of electricity by 20-30 %. 
Langbein-Pfanhause[255] showed that by adding salts of nickel or cobalt to sulphuric acid 
and using interrupted or periodically reversed current i.e. by adding 25-30 g/l of nickel or 
cobalt to 250-290 g/l sulphuric acid, the current is interrupted for 4 seconds in each 20 
seconds. Also a hard anodizing process can be carried out by adding sulphamic acid 10-
100 g/l and nickel or cobalt 25-35 g/l to sulphuric acid 50-150 g/l; the specimen works as 
an anode for 120 seconds and as a cathode for 60 seconds, this cycle being repeated. 
Reynold[256] and Dale[257] revealed that by adding 2-4 % (vol) of the MAE additive ( 2 
parts glycerine to 3 parts of 70 % glycolic acid ) with 14-24 wt % sulphuric acid, 
convenient conditions for hard anodizing can be achieved at a constant current density of 
2.4-6 A/dm2, a temperature of 15-21 0C, and an aluminium content of 4-8 g/l; during 
anodizing 2000 series alloys a high concentration of acid is required. This anodizing 
process can produce anodic films with thickness of 100 µm with less roughness. Tartaric 
acid based electrolytes for hard anodizing have been studied by Fukuda[258-261], who 
reported that by adding 0.15-0.2 mole/l of oxalic to tartaric acid, malic acid or malonic 
acid (1 mol/l), the resultant anodic oxide films are of hardness of 300-470 Vickers at 
temperatures of 40-50 0C and voltages of 40-60 V, and at constant current density of 
approximately 5 A/dm2. Acron[262,263] claimed by adding either nitric acid or a compound 
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producing nitrate in an equivalent to 1-45 g/l of HNO3 to sulphuric acid, anodic films can 
be produced on difficult alloys with lower anodizing voltage and less cooling. 
The cooling system is very significant for the hard anodizing process particularly at high 
currents and voltages. For instance, an American aircraft company[264] has carried out 
refrigeration of about 470 gallons of 20 % sulphuric acid using a cooling system which 
consists of double cooling coils with diameter of 1 3/8 inch and 90 ft length. These 
cooling coils are covered with a 3/16 inch coating of lead to remove 1.2 million Btu per 
hour, utilizing a refrigerant of “ Freon 12” to cool the electrolyte from 82 0C to 10 0C 
within 32 minutes. 
The cooling system for a hard anodizing process is very expensive and chilled water is 
not convenient to use in hard anodizing with sulphuric acid. However, the use of ethylene 
glycol plus water (anti-freeze) circulated in the cooling coils provides a trouble-free 
system to keep the temperature between -15 and -10 0C. It is pumped on demand through 
the cooling coils of the anodizing reservoir by thermostatic control. Cooling coils are 
made of lead, or copper clad with lead or titanium. There are three types of compressors, 
such as rotary, reciprocal or centrifugal. Survila[265] revealed that use of two-multi-
cylinder units is more convenient than one large centrifugal compressor; the latter type is 
used for high capacity work and is unsuitable for use at low output. 
Plate-type[266] heat exchangers are located in the tank sides occupying a small area, and 
can be used also as cathode plates. For these reasons, they can be utilized instead of 
cooling coils system. In France, external cooling coils have been used which comprise 
double tubes made of lead and copper-clad with lead, where the sulphuric acid is pumped 
in one circuit and the refrigerant in a second circuit.  
During the anodizing process, heat is generated largely within the anodic coating itself 
affecting the hardness of the anodic film. Therefore agitation is important to dissipate the 
heat and to retain the hard anodizing at the required temperature. With the Hardas process  
at high current density, air agitation is not enough to keep the temperature at the required 
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level. In this case agitation must be achieved either by pumping the electrolyte through an 
external heat exchanger, which can serve as cooling and agitation simultaneously, or by a 
paddle. Campbell[227] claimed that greater agitation is required for thinner sheet than thick 
sheet to avoid burning. 
Good electrical contact is very important in the anodizing process especially in hard 
anodizing. Heavy articles can be fixed by one of two types of clamps either screw-
pressure type or bolted lever, but in the laboratory, spring clips can be utilized and wired 
to the specimen. Aluminium and titanium are both good contacts for hard anodizing. 
Campbell[267] patented a method for anodizing the external surface of large diameter 
cylinders by rotating them in a shallow tank of anodizing acid. 
For sealing, anodized parts must be rinsed immediately and then sealed in boiling 
distilled water, 5 % dichromate solution, dewatering oil or wax for 15-30 minutes at 80 
0C. However, the abrasion resistance and insulating properties are affected negatively 
with aqueous sealing solutions, except for dichromate sealing which improves the fatigue 
properties. For this reason hard anodic oxide films may be impregnated with oils, 
silicones or dry lubricants for example, and colloidal graphite and molybdenum 
disulphide to improve anti-frication properties. The influence of aqueous sealing 
solutions on the abrasion resistance has been investigated by Oechshin[224], who found 
that following sealing in boiling water for 30 minutes of anodic oxide films, with 
thickness of 62 µm, the abrasion resistance decreased from 4.20 to 2.67 g/µm, with a 
ratio of 63.6 %, moreover the abrasion resistance reduced from 2.10 to 1.55 g/µm, with a 
ratio of 73.9 %, for anodic oxide films of 18 µm thickness. These different ratios in the 
abrasion resistance of different film thicknesses are attributed to different internal stresses 
in the film which change from compression to tension during film growth, as explained 
by Arrowsmith[268].    
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1-9.2  Properties of hard anodic oxide films 
The mechanical and surface properties of porous alumina oxide films are very important 
for their utilization in wide range of industrial applications. Microhardness and wear 
resistance are particular importance. The properties of porous anodic alumina are affected 
by the anodizing conditions, such as temperature and type of electrolyte.  
1-9.2.1  Appearance and uniformity 
Alloy type or composition influences the colour of the anodic coating, for instance, the 
anodic coating formed on 7075 alloy at 25 µm becomes black and after that turns to 
lighter, through blue-grey, changing to white at 225 µm. Anodic films formed on 6061 
(H20) and 2024 are initially tan or grey, and then darken to black at 75 µm thickness, but 
at 25 µm the anodic alumina formed on aluminium is colourless but changes to light 
brown at 125 µm. In hard anodizing the existence of fine cracks may be evident when the 
specimen is taken from the bath and these fine cracks increase as the surface warms up at 
room temperature.  
George and Powers[247] have shown during hard anodizing, that the roughness of the 
resultant anodic films increases by hard anodizing, especially on bars. Hence, oversize 
thickness may be required to enable lap processes or other smoothing processes to be 
applied. Gilling[269], reported that corner defects always accompany hard anodizing of 
components, since the corner can not extend in three dimensions, causing voids that are 
particularly evident in thicker films. The number or density of cracks is affected by the 
rod diameter, where large diameters leading to more than double the number of cracks 
compared with straight section. 
Osermann and Walker[270], pointed out that during hard anodizing, alloys containing high 
levels of silicon or copper produce greater film thickness variations than other alloys; 
also the geometry of the component has a large effect on the film development i.e. if the 
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component has a very small internal or external diameter, the resultant anodic film is 
non-uniform. 
1-9.2.2  Hardness,  abrasion resistance and wear resistance  
Generally, the hardness of the anodic oxide film is very high. However, thin films are 
affected by the hardness of the metal itself, therefore the oxide film does not protect the 
metal substrate from high pressure, although they can resist surface scratches. The 
hardness of an anodic oxide film is a function of the anodizing conditions. For instance, it 
increases with reducing temperature of the electrolyte and acid concentration, and also 
the use of less aggressive electrolytes, increase in the homogeneity of the alloy structure, 
and increase in current density. The anodic oxide film formed by d.c current has a higher 
hardness than those produced by a.c. current. 
The hardness of the anodic oxide film varies throughout its depth Sautter[271] found the 
hardest layer is adjacent to the metal and reduces toward the film surface. This effect 
reduces with decreasing temperature. The hardness throughout the film thickness is 
inversely proportional to the film porosity. Hard anodizing conditions must be controlled; 
otherwise if the temperature, acid concentration or current density is too high, the outer 
layers may be powdery or spongy as the solubility of the film in the electrolyte rises. 
Brinell, Vickers and Rockwell methods, scratch methods or the Martens method are 
usually used to determine the hardness of materials. However, they are not suitable for 
measurements of anodic oxide film hardness because they do not take into account 
variations in hardness. The nano-indentation technique is a convenient method to 
determine the hardness of anodic films and it is possible to test the hardness at various 
positions through the depth of the coating. The anodic oxide film produced by the Hardas 
process was tested and found to be of hardness about 500 V.P.N. Van Horn[272] has tested 
the anodic oxide film formed on 6061-T6 alloy (H20WP) by the M.H.C. process and 
found values of hardness of about 530 V.P.N. Brace[273] carried out hardness tests on 
anodic oxide films produced on 1200 (commercially pure aluminium), 5056A (Al -5 % 
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Mg) and LM10 (Al-10 % Mg) by applying various loads from (7.5 to 45 g), finding that 
the hardness depends on the applied load and the hardness of the base metal. The lowest 
value of hardness is reported for LM10, being attributed to the existence of magnesium 
oxide in the anodic film which corresponds with similar low values of hardness of the 
anodic film on 2024-Tl have been carried out in the U.S.A. The anodizing time plays a 
significant role in the abrasion resistance, where the abrasion resistance increases with 
anodizing time to reach a maximum value when the limiting film thickness is achieved. 
The abrasion resistance of the films formed on alloys is affected by the anodizing 
electrolyte and a.c. and d.c. power supply. In general the anodic oxide film produced on 
pure aluminium and Al Mg alloys shows maximum abrasion resistance. Also, anodic 
oxide films formed in oxalic acid electrolytes have higher abrasion resistance than those 
formed in sulphuric acid and the films  produced by a.c. are softer than films generated 
by d.c. 
Arlt[274] described a method for determining the abrasion resistance, where the surface of 
anodic oxide film is blasted by a fine abrasive powder i.e. silicon carbide, carborundum 
or alundum via compressed air under controlled constant pressure. Factors such as 
pressure, powder size, diameter of the blasting tube, humidity and temperature all must 
be governed. 
The abrasion resistance is affected by the atmospheric exposure period, as shown by 
Gilling[269]. Hence, the abrasion resistance over six month exposure to the air decreased.  
The reduction in abrasion resistance for the anodic oxide film on 6061 (H20) is less than 
that on clad Al-Cu-Mg-Mn alloy. He also reported that the hard anodic oxide films 
produced on casting alloy Alcoa 356 (Al-7 % Si-0.3 Mg) have excellent abrasion 
resistance that partially results from free silicon being entrapped in the anodic film. 
Finally, he concluded that increase of humidity affected negatively the abrasion 
resistance, with findings similar to those for anodic oxide film sealed in aqueous 
solutions.  
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A roughly constant wear resistance is reported for anodic alumina films fabricated at 1 to 
8 A/dm2 in a sulphuric-oxalic acid mixture at (-5 to 5 0C), independent of current density. 
In contrast, the wear resistance decreases with increase of the electrolyte temperature 
above 5 to 20 0C, with the influence being more obvious for anodic alumina formed at 
low current densities.[204] Thicker alumina films grown at a relatively high temperature in 
sulphuric acid can lead to low hardness and wear resistance, for instance, alumina films 
of 25 µm thickness formed at 15 and 30 0C at varying current densities from 1 up to 4 
A/dm2 possess a soft outer layer which decreases the wear resistance and 
transparency[275,276]. For alumina films of 25 µm thickness fabricated in sulphuric acid 
between 0 and 25 0C, it is reported that for alumina formed at 0 0C the microhardness is 
uniform through the film thickness, however, it decreases from the metal/oxide interface 
to the oxide/electrolyte interface for anodic films formed at higher temperatures, the 
reduction increasing as the temperature increases.[271]  
Chemical dissolution increases with increase of the electrolyte temperature[277,278] i.e. the 
aggressiveness of the electrolyte to the oxide increases. Elevated temperature promotes 
the chemical dissolution of the oxide material by the electrolyte causing cone – shaped 
pores, namely with widening of the pore diameter towards the alumina surface,[53,279] and 
increasing the porosity.[279,280] Aerts. et. al[281] in a study of the effect of temperature on 
films formed in 145 g/l H2SO4 + 5 g/l Al2(SO4)3. 18H2O at constant voltage 17 V at 
varied temperature from 5 to 55 0C in 10 0C steps, divided the pore diameter into three 
regions: the first, near the alumina surface, the second region at a depth of about 10 µm 
and the third at the pore base. The wear resistance was approximately constant until 25 
0C, then it slightly decreased as the temperature of electrolyte rises from 25 to 45 0C, 
followed by clear reduction from 45 to 55 0C. The microhardness reveals a similar trend, 
i.e. linearly decreases as the electrolyte temperature increases. In film formed at 
temperature 55 0C, they showed that the pore diameter varies through the film. In the 
region near the film surface, the pore diameter widens because of the aggressive 
electrolyte. In the second region, the diameter undergoes a small increase and in the 
region at pore base, no change in diameter is observed due to the oxide being freshly 
formed and not being exposed to the electrolyte attack for a significant time. The 
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diameters in the first two regions increase as function of electrolyte temperature, in 
contrary to the third region, where the diameter remains roughly steady and independent 
of the electrolyte temperature.       
1-9.2.3  Surface finish  
The surface finish plays an important role in the wear resistance of anodic oxide coatings. 
Fine particles of oxide fractured from sharp edges or generated by high local pressure, 
can be trapped between the sliding surfaces and affect the wear resistance. Since the 
anodic oxide films, resulting from the anodizing process tends to be rough, therefore the 
surface of specimen prior anodizing should be as smooth as possible. Oechslin[224], 
pointed out that the natural roughness for films fabricated on casting alloys under normal 
hard anodizing conditions, it increases between 1.25 µm and 2.50 µm, compared with 
approximately 0.25-0.5 µm for films formed on wrought alloys,. 
  
1-9.2.4  Effect of substrate composition
  
Machlin and Whitney[282] showed that the abrasion resistance is better for hard anodic 
oxide films produced on 6061-T6 than that for films on 2024-T3, with similar results 
achieved for hardness. Tomashov and Zalivalov[283] revealed that the hard anodic films 
formed on some heterogeneous aluminium alloys have good wear resistance, attributing 
that to the presence of inclusions of intermetallic compound in the coatings, whereas the 
low resistance of hard anodic film on homogeneous alloys is due to the high degree of 
porosity in the films.  
Oechslin[224] carried out Vickers hardness tests on hard anodic oxide coatings on alloys 
with different thicknesses, applying loads of 15 g to 50 g. He found that the hardness 
values decrease slightly as the film thickness is increased. In general the anodic oxide 
films on pure aluminium or alloys containing low levels of alloying additions have very 
good resistance to wear and abrasion. However, aluminium has restricted uses because it 
has low mechanical strength and hardness therefore it is preferable to use alloys such as 
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Al-Mg-Si alloys (6063, 6082). In addition Al-Zn-Mg alloys, provided that the content of 
copper is less than 2 %, are very convenient for hard anodizing. High copper content 
restricts both the thickness and the hardness of anodic coatings. High voltages are 
required during hard anodizing of alloy with high silicon content to retain current flow. 
1-9.2.5 Heat resistance 
In general, the anodic oxide films have a good insulation property. However this 
characteristic is sometimes not required i.e. in mechanical applications, where good heat 
dissipation is a required feature. The hard anodic oxide coatings have a good heat 
resistance. Campbell[284] reported the heat resistance is higher for dense hard anodic 
films, 75 µm thick, than for soft films, with thickness of 150 µm. He also found that there 
is no effect on the anodic film formed on commercial aluminium and LM1-M casting 
alloy by the Hardas process when they are heated to 300 0C six times for 10 minutes. 
However, the presence of crazes was pronounced after each cycle in the anodic coatings 
on NS6-0 (5056A) (Al-5 % Mg), although this effect is not present when this process is 
carried out at 200 0C. Extensive crazes and development of warts on the anodic films on 
LM10-W (L53) occurs when they are heated to 150 Co and blisters occur on anodic oxide 
films formed on castings for example, LM2-M and LM6-M at 300 0C. Forestek[285] found 
that the heat resistance improves by subjecting the anodized part to governed slow 
heating and slow cooling process. He dried and heated anodic oxide films to either 93-
100 0C or to 65-95 0C for at least 0.4(200-T) minutes, where T is between 65-95 0C and 
after that cooled them to room temperature. Finally the surface may be heated to 205 0C 
for 30 minutes and then cooled down. 
1-9.2.6  Heat emissivity 
Hase[286] and Tomashov[216] found that the clean and bright surface of aluminium has a 
low total emissivity of 3-5 % but when this surface is rough, the emissivity increases 
rapidly by 3 or 4 times. Leedy[287] pointed out that the emissivity can be increased from 3 
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% to 8 % when even a thin anodic oxide is formed on the surface. Tassara[288] found at 38 
0C that the emissivity is 70 % for 3 µm, 60 % for 2 µm and 30 % for 1 µm thick films. 
1-9.2.7  Electrical properties 
Campbell[227] revealed that the anodic oxide films formed on 5154A (Al-3.5 % Mg) have 
high insulating property and this can be improved by utilizing boiling water sealing and 
waxing. The anodic oxide films formed on pure aluminium or a homogeneous alloy 
composition have highest breakdown values of “electrical insulation” contrary to the 
conductivity, which is higher in the presence of impurities in the film especially when 
present as segregated elements. Further, the anodic coatings on aluminium have good 
electrical insulation. The films also can be operated up to 500 0C enabling them to be 
used in wide range of industry. The breakdown voltages are affected by factors such as 
alloy constituents, crazes in the anodic film and humidity. Local pressures can cause 
fracture and distortion of the anodic film. Generally, anodic oxide coatings can be used as 
an insulating mounting for electronic components because they combine two important 
properties; high dielectric strength and good thermal conductivity. 
1-9.2.8 Adhesion  
In general, anodic oxide films have much better adhesion than those of electrodeposits. 
Anodic oxide coatings during bending can crack in parallel lines, but not strip as 
electrodeposited films. Leaving of anodized work in the anodizing electrolyte after 
switching the current off reduces coating adhesion, with loss of the film from substrate. 
The adhesion of the anodic film increases as the temperature and acid concentration 
increased, and the use of d.c. as well as low current densities and long anodizing time.  
Gilling[269] carried out several bend tests and found that the adhesion and the mechanical 
strength of hard anodic oxide films are good, also indicating that during bending cracks 
always occur in the compression side. 
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1-9.2.9  Mechanical strength and fatigue properties  
The tensile strength of hard anodized alloys[289] slightly reduces as the anodic film 
thickness increases approximately in all alloys as well as elongation and endurance 
strength decrease. Gilling[269] measured the fatigue strength of annealed 7075 (Al-Zn-Mg-
Cu), with thickness of 1.27 mm, and after hard anodizing processes producing coatings 
with various thicknesses (25, 75 and 125 µm). He found that the fatigue resistance 
reduces at high stress and the thickness of coating has a very slight influence. The 
reduction in endurance strength results from stress concentration at micro-cracks in the 
anodic oxide coating. This reduction in fatigue stress may be lessened by dichromate 
sealing. For the anodic oxide film on L168 alloy, the fatigue loss has been reduced to 8 % 
at 1.0 million cycles by sealing in sodium dichromate solution, and to 16 % at 10 million 
cycles, as pointed out by Savaga and Sampson[290]. However this treatment in sodium 
dichromate solution reduces the abrasion resistance. The fatigue resistance is smaller for 
anodic coatings formed by the d.c.-a.c. Hardas process than those produced by the d.c. 
process; this reduction has been estimated at 25-30 % by Campbell. 
1-9.2.10  Porosity 
Garcia-Vergara el at[291] suggested that the porosity for anodic films fabricated at 5 
mA/cm2 on aluminium in 0.4 M sulphuric acid electrolyte at 20 0C, due to the flow of 
film material from the barrier layer region underneath the pore bottom towards the cell 
walls, accommodating by expansion factor of the film. The pore population density is 
influenced by type of electrolyte i.e. the anodic films formed in sulphuric acid has the 
highest number of pores[292] .Miyata[293] and co-workers tried to measure the degree of 
porosity of anodic oxide films formed in 15 % sulphuric acid at a range of current 
densities from 2-8 A/dm2 and at temperatures from 1-30 0C, assuming that the real 
density is 2.95 g/cm3. They evaluated the porosity by measuring the quantity of 
transformer oil absorbed by the anodic oxide films and found that the anodic film formed 
at 4 A/dm2 and at 1 0C for 30 minutes has a porosity of 10-14 % while the porosity of the 
anodic film formed at 30 0C is 24-26 %. The degree of porosity of anodic oxide film on 
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aluminium above 20 0C increases rapidly[293]. O’Sullivan et al[53] found increasing 
anodizing temperature promotes a declining formation barrier layer ratio, and hence a 
decreasing barrier layer thickness and pore diameter. The electrolyte at high temperature 
promotes chemical dissolution of the film leading to conically shaped pores with an 
increasing pore diameter towards the surface of the anodic film[279], consequently the 
porosity of the outer region of the film increases as the electrolyte temperature rises[281]. 
The porosity of the anodic films formed on pure aluminium in sulphuric acid at 5 0C and 
55 0C was 4 % and 32 % respectively[281].  The 10 % of porosity was reported for both 
films formed at 1 0C in 0.3 M sulphuric acid at 25 V and 0.3 M oxalic acid at 40 V 
respectively, however it found 50 % for films fabricated at 37.5 V in an oxalic-sulphuric 
mixture[294].  
   
1-9.2.11  Corrosion resistance  
Hard anodic oxide coatings have apparently somewhat better corrosion protection than  
those produced by normal anodizing. Anodic films of great thickness do not necessarily 
provide good corrosion resistance due to the thicker films tending to crack, forming 
capillaries which work as paths for humidity. Corrosion protection can be improved by 
sealing in a potassium dichromate solution, but this leads to a decrease in the abrasion 
resistance by about 20 %. To tackle this problem successfully, the hard anodic films 
should be impregnated with wax, mineral oil or silicones. Atkinson[295] also revealed that  
PTFE impregnation is very suitable and does not lessen the abrasion resistance of the 
coating. This process decreases the coefficient of friction of a hard anodic coating to less 
than 0.05 and it is known in the U.K and U.S.A. as Lubrok and Tufram respectively. 
Stfanides[296] applied this process on the internal surfaces of air cylinders. Gilling[269]
simulated and studied the effect of rain erosion at high velocity on hard anodic films on 
some alloys and found the best results achieved with 2024 Al clad, 6061 and 2024. 
However, the resistance to rain erosion reduces as the film thickness increases. The low 
resistance “failure” on 2024 alloy “unclad” was due to spalling of oxide in layers whereas 
the failure on 6061 and 7075 followed the micro-crack structure. 
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1-9.2.12  Flexibility, stress and elasticity  
The brittleness of an anodic oxide film is related to its hardness, often showing an inverse 
relationship. Extremely fine cracks can appear when the coating is subjected to slight 
bending. The protective property of the anodic coating is usually not affected by these 
fine cracks, particularly when the deformation is not limeted. Anodizing at higher 
temperature and under a.c. provides anodic coatings with high elasticity. This kind of 
anodic coating is convenient to use with insulating wire and strip or for parts which 
require forming operations after anodizing i.e. in the canning industry. Phillips[90] showed 
that after anodizing wires at a.c., at high temperature, in 37 % sulphuric, for the wire to 
bend without cracks, the radius of pulleys which the anodized wire must be passed 
around is equal to (10-15) x d, where d the thickness of anodized wire.  
Siemens and Halske[297] pointed out that the anodizing at 5-10 V in 23 % wt sulphuric 
acid at 35-40 0C can achieve flexible anodic coatings. Forming operations of anodized 
parts can be restricted by the brittleness of anodic oxide films, for instance, elongation 
must be less than 0.5 % to avoid the cracks. The study of the elongation at which ruptures 
are manifest for films formed in chromic acid, by Hill and  Mason[298], revealed a 
network of lines on bending in contrast to parallel lines during rupture of anodic coating 
formed in sulphuric acid and oxalic acid. Pullen[299], reported that the average loss of the 
flexibility of the anodic coating varied as the film thickness increases. Tomashov, 
Tyukina and Blinchevskii[300] found that the elasticity of anodic oxide films on 
commercial aluminium in 20 % wt sulphuric acid at 1 A/dm2 increases linearly with 
anodizing temperature between 10 and 40 0C. 
1-9.2.13  Internal stresses  
Bradhurst[301] and Vermilya[302] measured the internal stresses for anodized strips of 
aluminium from the deflection of the free end of the strips, whereas the other end strictly 
clamed. The stress can be calculated by the following equation:  
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S = E. t2. x / 3. l2.d  
where E is the Young´s modulus of aluminium, l, t and d are dimensions of specimen, 
and x is the displacement of the free end “deflection”. Barrier-type films formed in 
ammonium borate to thickness from 50-4500 Ǻ have been investigated by Bradhurst[303], 
who found that the films are in tension. The presence of compressive stresses was evident 
in some cases as well. The current density has a great influence on the type of stresses. 
Thus compressive stress tends to be present and develop at low current density. 
 Arrowsmith, Culpan and Smith[268], for thicker anodic films formed on annealed 99.99 % 
aluminium and on aluminium with 0.04 % Fe in sulphuric acid, found that for both films 
switching off or on of anodizing current produced no notable change in the deflection. 
The stress was constant after anodizing for 10-15 minutes and then reduced. They also 
showed the effect of current density on these porous films and observed that the stress at 
the very initial moment of anodizing is compressive and becomes less compressive at low 
current densities, but a tensile stress develops at about 4 A/dm2. These results have been 
confirmed by Vermilyea[302] who observed that the final tensile stress increases for a high 
oxide formation rate. However, both results are approximately contrary to conclusions of 
Bradhurst and Leach[301]. In agreement with Arrowsmith’s[268] results, Csokan[304] found 
that the hard anodic oxide films initially have compressive stress and then becomes 
tensile when the limiting coating thickness is obtained. At high current density cations 
left vacancies in the metal when they migrated into the oxide film, causing tensile stress 
in the anodizing specimen. The existence of compressive stress at low current density 
was attributed to oxide growth at metal/oxide interface with larger lattice spacing than 
that of the underlying aluminium. 
1-9.2.14  Elasticity and fracture of films 
In previous work, to measure the modulus of elasticity, the films have been separated 
from the substrate metal. Tylecote[305] anodized wire completely. Grosskreutz[306] studied 
anodic films formed in tartaric acid, and found that the thin films are about 5 times 
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stronger than bulk alumina. Before fracture it can be strained 10 times more than bulk 
alumina. He also reported that the Young’s Modulus is affected by moisture, it reduces as 
the degree of humidity increases. 
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Figure (1-3.1). Schematic representation of production of O2- or OH- ions at the surface of 
the barrier layer during film growth.  
Figure (1- 4). X-X and Y-Y possible cleavage planes achieved upon fracturing an anodic 
film formed in sulphuric acid compared with A-A possible cleavage planes upon 
fracturing an anodic film grown in phosphoric acid. W = cell wall, P = pore diameter and 









































Figure (1-5.1). Schematic diagram shows the formation of an anodic alumina film on high purity 
aluminium at a high Faradaic efficiency. The location of an immobile inert marker, eg, a thin layer of 
xenon initially ion-implanted into a very thin anodic film, indicates the film grows by counter migration of 
ion with inward migration of O2- ions from the film surface to the metal/film interface and outward 
migration of Al3+ ions from the metal/film interface to the film/electrolyte interface.   
Figure (1-5.2). Schematic diagrams showing incorporation of foreign species which derive from electrolyte 
anions into anodic alumina films grown at high faradaic efficiency. The colour indicates the regions of the 
films contain foreign species. a) Film has immobile foreign species during film growth. b) Film contains 
foreign species which migrate outwards during film growth. The arrows refer to the relative distances of 
migration of Al3+ and X+ ion from inert marker. The ratios b: a indicates the ratio of the migration rate of 
the foreign cations X+ to that of Al3+ ions. c) Film has foreign species which migrate inwards during film 
growth. The arrows indicate the relative distances of migration of O2- and Y- ions from the inert marker. 
The ratio b:a indicates the ratio of the migration rate of the foreign anions Y- to that of O2- ions.   































































































Figure (1-5.3). Schematic diagrams of the kinetics of porous film forms on high purity 
aluminium in a) galvanostatic and b) potentiostatic regimes. The stages of porous 
structure development are also revealed in (c).  


















































Figure (1-5.4). Schematic diagram of irregular barrier-layer thickness and the 
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Figure (1-6). Schematic representation of the field-assisted dissolution of Al2O3  
revealing, (a) the barrier layer of alumina next the electrolyte prior to applied electric 
field, (b) the alumina film under the applied electric field, (c) removal of Al3+ and O2-
















Figure (1-6.1). Schematic diagram of porous alumina film growth at critical instability 
condition at an anodizing efficiency close to 60 %.
Figure (1-6.2). Schematic diagram revealing the different behaviour of tungsten species 
incorporated into porous anodic alumina films grown in (a) borax acid and (b) phosphoric 
acid electrolytes. The representation shows the progress of the tungsten species (dark 
band) through the barrier layer underneath the pore bases with an increase of the 
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Figure (1-6.3). schematic diagram showing that the flow obstructs the outward movement 
of the W+6 ions band at the left of the peak, while the tracer at the right of the peak lags 
behind because it oxidizes lastly[192]. 
100 nm
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                                                      Chapter 2  
                                               Experimental work 
2-1 Introduction
This chapter describes the details of the experiments that have been carried out, the 
method of anodizing, the equipment utilized, the material and the chemicals employed, 
the preparation of the samples and the selected anodizing conditions. Information is 
provided also on the techniques utilized to investigate and examine the samples: scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), Rutherford 
backscattering spectroscopy (RBS), nuclear reaction analysis (NRA), optical 
interferometry, magnetron sputtering-deposition, scanning electron microscopy (Ultra 
55), microhardness and instrumented nano-indentation testing (IIT).  
2-2 Specimens preparation  
2-2.1 Materials 
i- Bulk aluminium substrate  
High purity aluminium (99.99 %) sheet of 0.3 mm thickness, with trace impurities as 
shown in table (2-1), was cut into rectangular coupons of dimensions 1.5 x 3.5 cm2. Prior 
to the anodizing process, the working area of the specimens (1 x 2 cm2) was defined by 
covering the specimen edges with insulating material, i.e. lacquer. Coupons of high purity 
aluminium were connected by an insulated aluminium rod via clips to the positive 
terminal of a power supply. 
                    Element                       Weight % 
                    Aluminium (Al)                       99.99 Min 
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                    Copper (Cu)                       0.003 Max 
                     Iron (Fe)                       0.004 Max 
                     Silicon (Si)                       0.002 Max 
                    
                    Table (2-1). Nominal composition of high purity aluminium substrate[308]  
  
ii- Sputtering-deposited aluminium substrate 
Layers of high purity aluminium, about 1200 nm thick, were deposited by magnetron 
sputtering onto bulk aluminium specimens (2.5 x 3 cm2) that had been previously 
electropolished and anodized to 150 V in 0.1 M ammonium pentaborate electrolyte. The 
sputtering was carried out using an Atom Tech DC magnetron sputtering system. The 
chamber was firstly evacuated to ~ 6 x 10-7 mbar, and then deposition was carried out in 
99.998 % argon at 5.5 x 10-3 mbar. The target of diameter of 50 mm was composed of 
99.99 % aluminium. 
2-2.2 Electropolishing process 
Electropolishing of bulk aluminium specimens was carried out in perchloric acid-based 
electrolyte to produce a smooth, flat surface finish and to eliminate defects in the 
specimen surface.  
The electrolyte was prepared by adding 200 ml of 60 % perchloric acid slowly, in small 
quantities to 800 ml of ethanol in an ice-water bath, with stirring of the system to keep 
the temperature below 10 0C, since the electropolishing solution undergoes a highly 
exothermic reaction during mixing.        
Before electropolishing, all specimens were degreased in ethanol. The electropolishing 
cell consisted of a 1000 ml beaker, containing the mixture of ethanol-perchloric acid 
electrolyte of final composition (4 : 1 by volume). Each specimen substrate was 
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connected to the positive terminal of a d.c. power supply, functioning as an anode, while 
a cylindrical plate of high purity aluminium foil (8 x 22 cm2) acts as a cathode. The cell 
was surrounded by an ice-water bath to maintain the temperature below 10 Co. The 
solution was stirred magnetically in order to assist dissipation of heat from the solution 
during electropolishing process. For each specimen, the electropolishing process at a 
constant voltage of 20 V lasted 180 s, which produced a mirror-finish. Following 
electropolishing, the specimens were washed immediately in ethanol, followed by rinsing 
in deionised water and final drying by a cool air stream. The electropolished specimens 
were stored in a desiccator containing silica gel until utilized.   
2-3 Anodizing electrolytes 
In the present work, two kinds of electrolytes were employed i.e. 24.5 wt % sulphuric 
acid (98 %) for formation of porous anodic alumina films and 0.1 M ammonium 
pentaborate octahydrate (pH = 8.3) for preparation of substrates for sputtering-deposition 
and for re-anodizing experiments that were used for the purpose of determining the 
volume of porosity in the porous anodic films formed in the sulphuric acid. Anodizing in 
the ammonium pentaborate electrolyte results in growth of barrier-type anodic films, and 
in the partial filling of pores of the pre-formed porous films during re-anodizing 
experiments.    
2-3.1 Preparation of 24.5 wt % sulphuric acid  
The study used 24.5 wt % sulphuric acid electrolyte to anodize specimens at different 
selected current densities for various times at 0 and 20 0C, as will be explained in detail in 
chapter (3) that presents the results of experiments. The electrolyte was prepared from 
deionized water and sulphuric acid. The required concentration of anodizing electrolyte 
was obtained by mixing 864.1 ml of deionized water and 135.9 ml of sulphuric acid (98 
%). To prepare the electrolyte, the sulphuric acid was be added to the water in small 
quantities in a 1000 ml flask; the solution is continuously stirred during prepertion. 
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2-3.2 Preparation of 0.1 M ammonium pentaborate    
The solution was prepared from deionized water and ammonium pentaborate octahydrate, 
with a concentration of 0.1 M obtained by mixing 1000 ml of deionized water and 54.43 
g of ammonium pentaborate octahydrate. The ammonium pentaborate octahydrate and 
water were placed in a 1000 ml flask and stirred until the salt dissolved completely.  
2-4 Anodizing cell and anodizing procedure 
2-4.1 Anodizing cell 
The anodizing cell comprised a 1000 ml glass beaker, a thermometer and a paddle stirrer. 
The specimen substrate (1 x 2 cm2) was connected to the positive terminal of a d.c. power 
supply, acting as an anode. A cylindrical sheet of high purity aluminium foil (8 x 22 cm2) 
was connected to the negative terminal of the power supply, functioning as a cathode. 
During the anodizing process, the cell was immersed in a bath consisting of a mixture of 
ice and sodium chloride solution to maintain the temperature of the electrolyte close to 0 
0C(± 0.2 0C), see figure (2-1). The anodizing process was also performed in electrolyte at 
20 0C (± 0.2 0C), the temperature being maintained by a water bath.  In general, the cell 
was connected to a computer system (Pico programme), which monitors the voltage-time 
response for each specimen. The electrolyte was stirred rapidly with a paddle.   
2-4.2 Anodizing procedures  
Five groups of specimens were prepared for the study. Groups “1” and “2” comprise 
respectively bulk and sputtering-deposited substrates used to determine film 
morphologies and compositions respectively and other parameters of the film growth. 
Groups “3-5” relate to investigations of porosity, using bulk aluminium substrates. Group 
“3” uses re-anodizing to determine porosity. Groups “4” and “5” use chemical pore 
widening and film sectioning by ultramicrotomy respectively to investigate pore 
arrangements.    
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1- Specimens of electropolished high purity aluminium were individually anodized in 
24.5 wt % sulphuric acid at selected constant current densities, namely 5, 10 and 20 
mA/cm2 for an anodizing time of 5400 s, and 30, 40 and 50 mA/cm2 for various times of 
anodizing (1000, 3000, 4000 and 5400 s) at 0 and 20 0C in order to investigate the 
detailed surface morphology, the volume expansion factor and the voltage-time response 
of the resultant anodic films. 
2- Substrates used for preparation of sputtering-deposited specimens were first anodized 
in 0.1 M ammonium pentaborate at 5 mA/cm2 at 20 0C until 150 V in order to provide a 
reference layer (barrier-type film) for later measurements using TEM and RBS. 
Following deposition of the aluminium layer, the sputtering-deposited specimens were 
cut into two pieces. One of the two parts was anodized in 24.5 wt % sulphuric acid at 0 
0C at selected current densities i.e. 5, 10, 20, 30, 40 and 50 mA/cm2 for different 
anodizing times of 500, 250, 125, 83, 62.5 and 50 s respectively. Moreover, some halves 
of the specimens were anodized in 24.5 wt % sulphuric acid at 20 0C at 5 and 50 for 
anodizing times of 500 and 50 s respectively. The times of anodizing were selected to 
give an approximately anodizing charge density of 2.5 C/cm2. The remaining half of each 
sputtering-deposited specimen, which had not been anodized in sulphuric acid, was 
retained for purposes of later comparison with the anodized half using TEM and RBS. 
The resultant anodic films were utilized to investigate the volume expansion factor, 
composition of the films and the efficiency of film formation.      
3- For experiments to determine the porosity and the efficiency of formation of anodic 
films, specimens of electropolished aluminium were anodized in 24.5 wt % sulphuric 
acid at selected current densities i.e. 5, 10, 20, 30, 40 and 50 mA/cm2 for 1000 s at 0 and 
20 0C. The resultant specimens, with porous anodic films, were then re-anodized in 0.1 M 
ammonium pentaborate at 5 mA/cm2 until 350 V at 20 0C to determine the porosity.  
4- For investigation of porosity including self-ordering of nanopores arrays, following 
pore widening by chemical dissolution of the films, specimens of electropolished 
aluminium were anodized in 24.5 wt % sulphuric acid at 0 0C at selected current 
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densities, namely 5, 20, 30, 40 and 50 mA/cm2, for an anodizing time of 5400 s, and at 40 
mA/cm2 for anodizing times of 3000 and 4000 s, and at 50 mA/cm2 for an anodizing time 
of 3000 s. Moreover, specimens were anodized in 24.5 wt % sulphuric acid at 20 0C at 
selected current densities, i.e. 20, 30, 40 and 50 mA/cm2 for an anodizing time 5400 s and 
at 40 and 50 mA/cm2 for anodizing times of 3000 and 4000 s.   
5- The porosity was also investigated including self-ordered by sectioning the films using 
ultramicotomy. Specimens of electropolished aluminium were anodized in 24.5 wt % 
sulphuric acid at 0 and 20 0C at current densities, 5 mA/cm2 for time of anodizing 1000 s; 
at 40 mA/cm2 for times of 200 and 5400 s; and at 50 mA/cm2 for anodizing times of 200, 
1000, 3000, 4000 and 5400 s. Specimens were also anodized at 20 mA/cm2 for a time of 
5400 s, and at 30 mA/cm2 for a time of 200 s at 0 0C.    
Following the various anodizing processes, the anodized specimens were removed 
immediately from the cell, rinsed with deionized water, dried with a cool air stream and 
stored in a desiccator with silica gel to avoid reaction with air.  
   
2-5 Specimen examination
2-5.1 Transmission electron microscopy (TEM) 
    
Ultramicrotomed cross-sections of sputtering-deposited specimens, in the as-deposited 
conditions and after anodizing, were examined in a JEOL 2000 FX II transmission 
electron microscope, at 120 kV. TEM was primarily used with sputtering-deposited 
substrates for precise measurements of film thicknesses and also the thickness of the 
oxidized sputtered-deposited aluminium layer. 
2-5.1.1 Preparation of TEM specimens by ultramicrotomy 
Specimens were cut into an arrow-shape with dimensions of approximately 1 x 0.4 x 0.3 
cm and then fixed into a standard 00 size BEEM capsules. Each specimen was located in 
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the capsule centre, parallel to its axis. The capsule was filled with a mixture of epoxy 
resin, which was made up of Agar 100 resin, dodecenyl succinic anhydride (DDSA), 
methyl nadic anhydride (MNA) and benzydimethy lamine (BDMA) in a 24 : 13 : 13 : 1 
weight ratio. The filled capsule was then put in an oven at 60 0C for 48 hours, to cure the 
resin before trimming and sectioning. The capsule was finally removed from the 
hardened resin block, which contains the specimen, for ultramicrotomy.  
Initially, the specimens were polished mechanically with polish paper to remove the extra 
resin, then sections were prepared using a Leica Ultracut UCT ultramicrotome. The 
ultramicrotome consists of a pivoted arm, that is free to move past a fixed knife 
mechanism. Prior to using a diamond knife, the resin block is trimmed with a glass knife 
to produce a rectangular tip of dimensions < 0.5 x 1.0 mm. The tip of the specimen/resin 
is then sectioned with a Micro Star, type SU diamond knife, with an edge of 2.4 mm 
length. Prior to the commencement of the cutting process, the bath of the diamond knife 
was filled with deionized water; the amount of water in the bath was adjusted to a 
specific level to provide a “white surface” when viewed with the optical microscope of 
the ultramicrotome. Following sectioning, the resultant ultramicrotomed sections float on 
the concave surface of the deionized water inside the bath at the rear of the knife. The 
sections with nominal thickness of 20 nm were achieved by utilizing a microtome cutting 
speed of 0.15 mm/s. The sections were picked up by 3.05 mm diameter copper grids, 
which were dried carefully on filter paper for later examination by TEM. 
2-5.2 Scanning electron microscopy (SEM) 
An ISI DS-130 scanning electron microscope operated with 19 kV was used for 
observation of general features on anodized surfaces of aluminium specimens. 
The top stage was employed in the present study providing high resolution observation, 
up to about 3 mm at optimum resolution.   
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2-5.2.1 Preparation of specimen for SEM  
The reverse face of the anodized specimen was fixed on an aluminium or a brass stub 
with conducting silver paint. In order to produce a conducting surface and to minimise 
charging effects in the microscope, the specimen was then coated with carbon to a 
thickness of approximately 10 nm. 
2-5.3 Rutherford backscattering spectroscopy (RBS) 
  RBS is based on collisions between atomic nuclei i.e. based on measurements of the 
number and energy of ions in an ion beam that backscatter after nuclear collisions in the 
near-surface region of a specimen. It is a non-destructive method of analysis and gives 
information about the atomic mass and concentrations of elements against the depth 
below the surface. Analysis of the composition of the anodic oxide films grown on high 
purity aluminium was obtained by RBS utilizing 1.5 MeV alpha particles produced by the 
2.5 MeV Van de Graff accelerator of the University of Paris. The beam of He+ ions with 
diameter of 1 mm was incident normal to the specimen surface. The scattered particles 
were detected at 165o to the direction of the incident beam. The data were interpreted 
using the RUMP program. See figure (2-5.3).
2-5.4 Nuclear reaction analysis (NRA) 
Nuclear reaction analysis is a non-destructive, isotopic specific method of analysis, with a 
depth resolution from a few to tens of nanometres.(145L181) In the present work the 
contents of O16 in the specimens were determined using the O16(d,p)O17 reaction, A beam 
of 0.87 MeV 2H+ ions with 1 mm diameter was used, with emitted protons detected at 
150o to the direction of the incident beam. A mylar film placed in the front of the detector 
stopped elastically scattered 2H+ ions. The amounts of oxygen was in the specimens were 
quantified with respect to a reference specimen of anodized tantalum of known O16 
content. Figure (2-5.4) (a)-(b)-(c) shows the principle of nuclear reaction analysis. 
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2-5.4.1 Preparation of specimens for RBS and NRA 
The specimens were cut into coupons with approximately area 1 x 1 cm2 and the 
specimens were mounted onto an aluminum plate with sliver paint.   
2-5.5 Optical interferometery technique 
This technique is used to measure the roughness, finish and texture of surfaces and to 
determine the size of surface features. The interferometer used MapVueTM mapping and 
analysis software to obtain surface information. See figure (2-5.5). 
Lamp centering adjustment: 
1- move the filter slider to allow white light as the illumination. 
2- fully open the aperture diagram. 
3- place a reflective sample on the stage and focus on the sample by closing the field 
diagram and adjusting focus until a sharp image of the diagram is seen through the 
eyepieces. 
4- an image of the exit pupil of the objective will be seen as a bright surface along with 
an image of the lamp filament. 
Focusing objectives 
The focusing of the reference surface is important to obtaining good contrast of the tested 
specimen. 
1- use a flat reflective surface with some fine structure as a target for focusing. 
2- make sure the target surface is approximately normal to the optical axis of the 
microscope. 
3- use a wavelength filter for the initial adjustment. 
4- focus on the target surface to provide clear image. 
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2-5.5.1 Preparation of specimens for interferometry
The specimens were cut into specific area of around 1 x 1 cm2 and placed on the tray of 
the machine followed by focusing the light beam on the area for examination.  
2-5.6 Ultra high resolution field emission scanning electron microscopy (FESEM) 
FESEM employed an Ultra 55 (GEMINI® technology) microscope. The microscope 
provides high resolution for both secondary electrons (SE) to image surface information 
and backscattering secondary electrons (BSE) to provide compositional information. The 
angle-selective backscattered electron (EsB) features an integrated filtering grid to 
promote quality of image and no additional adjustments requires. Moreover the EsB 
detector has less sensitivity to edge contrast and charging influences, which enables 
accurate imaging. Generally the microscope presents advantages of:  
a- High resolution imaging at low kV, i.e. 1.0 nm at 15 kV, 1.7 nm at 1.0 kV and 4.0 nm 
at 0.1 kV.  
b- Ideal for precise boundary, feature, and particle measurements.  
c- High efficiency EsB detector for compositional information.  
d- High efficiency in-lens SE detector for high contrast surface imaging.  
e- BSE imaging at very short working distance – 1 mm WD.      
2-5.6.1 Preparation of alumina films on anodized specimens to observe details of  
pores and cells in plan views 
i- Using ultramicrotomy  
The anodized specimens were cut into an arrow-shape with dimensions of approximately 
of 0.4 x 0.3 x 1 cm. They were then fixed in the ultramicrotome for trimming with a glass 
knife, providing a rectangular tip of dimensions approximately 0.5 x 1.0 mm. Sections 
were then cut using a Micro Star, type SU diamond knife, with edge of 2.4 mm length. 
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Finally, the tip of specimen was cut or sectioned with angle of 5-10o to remove the upper 
surface of the film. Later the tip of the specimen was mounted on the sample holder of 
the scanning electron microscope with silver paint to be examined by FESEM. 
Micrographs for all specimens were taken close to the aluminium/film interface. See 
figure (2-5.6) 
ii- Using chemical dissolution (60 ml phosphoric acid + 20 g  chromic acid)    
The anodized specimens were cut into squares of 1 x 1 cm2 area and mounted on the 
sample holder that is used for FESEM. The sample holder was fully coated with a 
protective resin. The specimens and holder were then immersed in a chemical mixture 
(60 ml 40 % H3PO4 + 20 g CrO3) at 60 0C for 90 minute. Finally, the specimens were 
washed by methanol, rinsed with deionized water and dried under a cool air stream. The 
dried specimens were fixed on a sample holder with silver paint and examined by 
FESEM,  using the Ultra 55 instrument. Specimens were coated by a thin carbon layer in 
order to make them conductive to avoid charging under the electron beam.  
2-6 Micro-hardness measurements 
The micro-hardness facility is an electromechanical instrument for determination of the 
hardness of materials. The tester uses a Vickers indenter, which is programmed into the 
tester’s firmware.  The tests are based on American Society for Testing and Materials 
(ASTM) and ISO Test Methods and Practices. The Vickers indenter is a diamond ground 
with a square-based pyramid shape, with angle of 136o between faces. The depth of 
indent is approximately equal to 1/7 of its diagonal length. The Vickers indenter is less 
sensitive to surface conditions i.e. flatness and parallelism of the top and bottom 
specimen surface and their finish, compared with a Knoop indenter (HK) since the 
Vickers indenter penetrates about twice as far into the tested surface as the Knoop 
indenter. However, the Vickers indenter is not suitable to test very thin materials.  
The test is carried out by two steps: 
125
1- Firstly, the diamond indenter is forced into the tested material surface using a fixed 
known load force. 
2- Secondly, the length of the diagonals of the resulting indent in the surface of tested 
material are measured for determination of the resistance of the material to penetration. 
The diagonal length is then converted into a hardness number on the Vickers scale (HV). 
The Vickers hardness number is calculated as follows: 
HV = 1.000 * 103 * P / As =2.000 * 103 [P sin (α/2) / d2] = 1.8544[P / d2]
where, P is the test force in (kgf),  
As is the surface area of indent (mm), 
d is the mean diagonal of indent (mm) and  
α is the face angle of indenter and equal to 136o
The units normally used are Newtons rather than g-force or kg-force, therefore the 
equation for Vickers hardness number is the following: 
HV = 0.0018544[P / d2] 
where, 0.1891 is a constant related to the geometry of the indenter,  
P is test load (N) and  
d is mean diagonal of indent (mm). 
2-6.1 Preparation of specimens 
1- Anodized specimens were mounted in resin for examination in cross-section. Each 
specimen strip was fixed into a capsule, normal to its surface. Resin was prepared by 
mixing Araldite hardener and Araldite resin (1 : 10 ratio by weight), which was then 
stirred carefully for 15 minutes, The capsule was filled with the mixture of resin and left 
over night to dry. 
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2- The cross-sections of specimens were finished in two steps:- 
         a. Mechanical polishing with silicon carbide grade (800 to 1200). 
         b. Diamond  polishing in stages from, (6 to 2 to 1/4 µ). 
3- The sample was mounted carefully in the holder of micro-hardness machine. A 
suitable load was applied which depends on the thickness of the anodic oxide film (used 
applied loads were either 25 or 100 g). The indents were made across the alumina 
thickness along a line at an angle of about 30 to 45o to the aluminium/film interface, with 
at least 5 times the indent diameter between each indent. See figure (2-6) (a) (b). Note, 
the same specimens were used for determination of film thicknesses by SEM 
2-7 Instrumented indentation testing (IIT)
IIT was used to measure the hardness and elastic modulus of very thin films, coatings and 
surface layers. Hardness (H) and elastic modulus (E) of the present anodic films were 
determined from the load-displacement curves, using the Oliver and Pharr method. The 
method employed a Beckovich indenter. Measurement of hardness (H) can be achieved 
by the following equation. 
H= P/A 
where P is the load applied to specimen surface and A is the projected contact area of the 
indenter at such a load. 
The elastic modulus of the tested material, E, is determined from the reduced modulus, 
Er,  given by the equation: 
Er =√pi. S/2β√A 
where S is unloading stiffness and β is a constant that depends only on the geometry of 
the indenter. 
1/Er = (1-v2)/E + (1+vi2)/Ei 
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where v is the Poisson’s ratio for the test material (0.22), Ei and vi are the elastic modulus 
and Poisson’s ratio respectively of the indenter. For diamond indenter, the elastic 
constant “Ei = 1141 GPa and Poisson’s ratio vi = 0.07”. Er is the reduced modulus.
2-7.1 Specimen preparation  
Specimens were cut to provide areas of 1 x 1 cm2 and mounted with double contact glue 
onto the sample holder “ aluminum bar” i.e. a piece of aluminum bar that was screwed to 
a tray attached to a positioning system. A number of indentations in pre-selected 
positions on the surface of the anodic film and with a penetration depth of 2 µm or less, 
depending on the film thickness of the indenter, were run by a software program 
controlling the system. The distance between indents should be at least 20 to 30 times of 
the maximum penetration depth when using the Berkovich indenter. Tests were carried 
out at variable displacements thus the properties can be determined as function of 
changing substrate effects. The depth of the indent was selected to be less than 10 % of 
the film thickness in order to avoid influences of the aluminum substrate. The response of 
the coated systems can be measured with the coating in-situ on the substrate. 
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Figure (2-1). Schematic diagram of the apparatus used for anodizing at constant current 
density. 
High resistance voltage                        
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Figure (2-5.3). Schematic diagram and principle of Rutherford backscattering 
spectrometry; the incident beam strikes the surface of the test specimen and is 












Figure (2-5.4) (a)-(b)-(c). Schematic diagram and principle of nuclear reaction analysis; 
the incident beam strikes the surface of the tested specimen and an emitted particle from 

































































































Figure (2-5.6). Schematic diagram showing the location in ultramicrotomed cross-
sections of specimen close to the aluminium/film interface, when SEM observations were 
made of pores.                                                                                                                      
Figure (2-6)(a). Schematic diagram of the line of indents used to determine the hardness 



















































                                                       Chapter 3  
                                                         Results  
3-1 Voltage-time behaviour at 0 0C 
In the present study, the experiments were divided into two groups: the experiments of 
the first group were carried out in 24.5 wt % sulphuric acid at selected constant current 
densities, namely 5, 10, 20, 30, 40 and 50 mA/cm2. The anodizing time was 5400 s for 
each specimen (group “1”), as shown in the voltage-time responses of figures (3-1) to (3-
6). The experiments of the second group were carried out in 24.5 wt % sulphuric acid at 
selected constant current densities 30, 40 and 50 mA/cm2, with varied times of anodizing, 
namely 1000, 3000 and 4000 s. The results are revealed in figures (3-7) to (3-15).  
3-1.1 Group “1” 
For anodizing at 5 mA/cm2, the voltage firstly increases linearly with time to 
approximately 22.4 V within 17 s, and then reduces sharply to 16.7 V within 36 s. The 
voltage then rises to 17.8 V, followed by a slight reduction for a period of about 350 s. 
Later, the voltage becomes approximately constant, at about 17.0 V, until 5400 s when 
the anodizing process was ended, as shown in figure (3-1) 
During the anodizing process at 10 mA/cm2, the voltage increases to a maximum voltage 
of 27.1 V in the first 10 s, which is followed by rapid reduction to 20.2 V during the 
subquent 28 s. After that the voltage decreases to a region of steady voltage, about 19.8 
V, until the end of the experiment, as shown in figure (3-2).  
At 20 mA/cm2, figure (3-3), the voltage increases linearly with increase in time to 
approximately 29.0 V at about 5 s. The voltage then drops to about 22.5 V within 23 s, 
becoming nearly constant in a plateau region until 1200 s, after which the voltage 
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increases slightly with increase in time until a maximum voltage of about 23.4 V is 
reached at the finish of the experiment. 
For a specimen anodized at 30 mA/cm2, figure (3-4), the anodizing voltage initially 
increases linearly with increase in time until a voltage of approximately 29.5 V at about 4 
s, following which the voltage decreases rapidly to about 22.8 V, and then becomes 
constant until roughly 1000 s. After this time (1000 s), the voltage rises gradually until a 
maximum voltage of about 28.5 V is achieved when the experiment is terminated.  
Figure (3-5) reveals the typical voltage-time transient of a specimen anodized at 40 
mA/cm2. From the commencement of the anodizing process, the voltage increases 
linearly up to approximately 30.8 V within 3 s. The voltage then drops to about 23.5 V, 
after which it increases slowly, with a more rapid increase with time around 1200 s until 
2550 s. The slope then reduces until about 4700 s, followed by increase in the voltage to 
about 34.3 V at the end of the experiment.
Figure (3-6) shows the resultant voltage response for a specimen anodized at 50 mA/cm2. 
At the beginning of the experiment, the anodizing voltage increases linearly with increase 
in time up to about 30.3 V within 3 s, after which the voltage reduces sharply to 
approximately 23.5 V. The voltage remains constant until about 350 s, followed by a 
slight increase until 1000 s. The anodizing voltage then increases more rapidly until about 
2200 s, after which it increases slightly until 4000 s, followed by a rapid increase to a 
value of 40.8 V at the end of the anodizing process.  
3-1.2 Group “2” 
For anodizing at 30 mA/cm2 for 1000 s, the voltage increases linearly with increase in 
time to approximately 28.6 V within 4 s, then decreases rapidly to 23.6 V, followed by a 
slight decrease until approximately 200 s. Later, the voltage is roughly constant, about 
22.8 V, until 1000 s when the anodizing process was finished, as seen in figure (3-7). 
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Figure (3-8) shows the voltage-time response for anodizing at 30 mA/cm2 for 3000 s. The 
voltage initially rises linearly with time to 29.9 V within 4 s, when the voltage reduces 
sharply to approximately 22.9 V. Subsequently the voltage becomes nearly constant until 
1000 s. The voltage then slightly increases with increase in time, reaching a final value of 
about 24.8 V at the end of the experiment. 
For anodizing at 30 mA/cm2 for 4000 s, see figure (3-9), the anodizing voltage increases 
linearly with time to 29.2 V within 4 s. The voltage then drops steeply to approximately 
22.7 V and subsequently becomes roughly constant. This stage continues to 
approximately 1000 s, after which a gradual increase of voltage occurs with a maximum 
value of 26.1 V achieved at 4000 s. 
Figure (3-10) reveals the voltage-time response for anodizing at 40 mA/cm2 for 1000 s. 
The voltage initially rises linearly with time, until about 29.5 V within 3 s, followed by a 
sharp drop to approximately 23.2 V. The voltage is then relatively constant up to about 
200 s. After that the anodizing voltage increases very slightly to the maximum value of 
24.3 V. 
The voltage response for anodizing at 40 mA/cm2 for 3000 s is shown in figure (3-11). 
The voltage initially rises linearly with time to 29.9 V within 3 s, after which the voltage 
drops to 23.2 V, and subsequently remains relatively constant until approximately 250 s, 
followed by a slight increase until about 1100 s. Thereafter, a more rapid increase occurs 
to about 29.0 V, by the end of the experiment at 3000 s. 
The typical voltage-time response of a specimen anodized at 40 mA/cm2 for 4000 s, is 
shown in figure (3-12). At the start of the experiment, the voltage rises linearly with 
increase in time to approximately 29.3 V within 3 s. After that the voltage reduces to 
about 23.5 V and remains roughly constant until 500 s, followed by very slight rise until 
around 1200 s. The voltage then increases more rapidly to 2750 s, after which the rate of 
the rise decreases until a value of 29.9 V is reached at the termination of the experiment. 
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Figure (3-13) reveals the typical voltage-time transient for a specimen anodized at 50 
mA/cm2 for 1000 s. From the commencement of the anodizing experiment, the voltage 
increases linearly with anodizing time to approximately 29.2 V within 3 s, when the 
voltage reduces to about 23.7 V. Thereafter, the anodizing voltage is almost constant for 
about 400 s. Later, the voltage increases very slightly to a maximum voltage of about 
25.6 V at the end of the anodizing process. 
Figure (3-14) shows the voltage-time response for anodizing of a specimen at 50 mA/cm2
for 3000 s. The voltage increases linearly with time to about 29.3 V within 3 s, followed 
by a decrease to approximately 23.5 V. Subsequently, the voltage increases slightly until 
about 800 s. Then the voltage increases more rapidly to approximately 1600 s, followed 
by a slow rise to a final value of 30.9 V. 
Figure (3-15) reveals the typical voltage-time response of specimen anodized at 50 
mA/cm2 for 4000 s. The voltage increases linearly with time to approximately 29.5 V 
within 2 s, then reduces to 23.6 V, followed by a region of constant voltage to 200 s. The 
voltage then increases slightly until about 800 s, after which the voltage increases more 
rapidly to around 1600 s, followed by a slight increase of the voltage until 3300 s. The 
voltage after this time (3300 s) increases more rapidly until reaching the maximum value 
of voltage of about 34.3 V at the end of the experiment.  





























       5      5400    22.4     17     43    17.0    17.0    1.6 
      10      5400    27.1     10     28    19.8    19.8     2.9 
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      20      5400    29.0      5     25    22.5    23.4     6.6 
      30      5400    29.5      4     21    22.8    28.5     8.6 
      40      5400    30.8      3     20    23.5    34.3    12.5 
      50      5400    30.3      3     19    23.5    40.8    13.6 
       30      1000     28.6      4      21    22.8    22.8     8.3 
       30      3000     29.9      4      21    22.9    24.8     9.4 
       30      4000     29.2      4      20    22.7    26.1     8.3 
       40      1000     29.5      3      20    23.2    24.3    12.6 
       40      3000     29.9      3      20    23.2    29.0    12.5 
       40      4000     29.3      3      20    23.5    29.9    12.5 
       50     1000     29.2      3      17    23.7    25.6    12.8 
       50     3000     29.3      3     18    23.5    30.9    12.9 
       50     4000    29.5      2     18    23.6    34.3    12.8 
Table (3-1.1). The peak voltage, the time of the peak voltage, the plateau voltage, the 
final voltage and the slope of the initial period of approximately linear voltage rise for 
anodic films formed on aluminium in 24.5 wt % sulphuric acid at 0 0C.  
3-2 Voltage-time behaviour at 20 0C
The first group of experiments was performed at a selected constant current densities, i.e. 
5, 10, 20, 30, 40 and 50 mA/cm2, for 5400 s. The results for the voltage responses are 
shown in figures (3-1) to (3-6). The second group of experiments was carried out at 
selected constant current densities, namely 30, 40 and 50 mA/cm2, for different times 
(1000, 3000 and 4000 s), as shown in figures (3-7) to (3-15). For both groups, anodizing 
was carried out in 24.5 wt % sulphuric acid. 
3-2.1 Group “1”  
Figure (3-1) shows the typical voltage-time transient of a specimen anodized at 5 
mA/cm2. Initially the voltage rises linearly within 12 s to 8.8 V; it then reduces rapidly to 
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7.7 V during 20 s, followed by an increase to a steady voltage of about 8.1 V at the 
termination of the experiment.    
Figure (3-2) shows the voltage response for anodizing at 10 mA/cm2. A surge of initial 
voltage to 12.7 V within 8 s was followed by a rapid reduction in voltage to 10.7 V 
during a time of 14 s. The voltage then increases to a steady value of 11.6 V at the end of 
anodizing.  
The voltage response for anodizing at 20 mA/cm2 is shown in figure (3-3). The voltage 
initially increases linearly with time to 19.2 V within 5 s, followed by a steep reduction to 
14.6 V. The voltage then increases to 15.9 V, after which a slight decrease occurs to 
reach a steady voltage of nearly 14.8 V. 
For anodizing at 30 mA/cm2, an initial linear increase of voltage with time to 
approximately 21.1 V, within 4 s, is followed by slight decline to a steady value of 16.9 
V, see figure (3-4). 
Figure (3-5) shows the voltage response for a specimen anodized at 40 mA/cm2. A surge 
of voltage, to 22.3 V in 3 s, is followed by a relatively sharp reduction in voltage to reach 
a minimum value of about 18.0 V. After about 300 s, the voltage starts to increase slowly 
until about 4000 s. There follows a steeper rise in voltage that increases with time until 
the maximum voltage of about 25.6 V is reached at the end of the anodizing process. 
A typical voltage-time transient is shown in figure (3-6) for a specimen anodized at 50 
mA/cm2. At the beginning of the anodizing process, the voltage surges to approximately 
22.1 V in 3 s, followed by a sharp decline to 18.3 V. The voltage then increases gradually 
until about 2000 s, after which it rises more rapidly until nearly 3000 s. The voltage then 
increases steeply until about 4000 s. After this time (4000 s), the voltage increases 
slowly, reaching a relatively steady value of 29.7 V. 
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3-2.2 Group “2” 
Figure (3-7), shows the typical voltage-time response of a specimen anodized at 30 
mA/cm2 for 1000 s. From the commencement of the anodizing process, the voltage 
increases to 21.5 V after 3 s. It then declines to 17.0 V after 6 s, and increases slightly to 
17.7 V at 10 s. Subsequently the voltage decreases to a steady value of approximately 
17.1 V which is sustained until the end of experiment. 
Figure (3-8) reveals the voltage response for a specimen anodized at 30 mA/cm2for 3000 
s. The voltage initially surges to maximum value of 22.1 V within 4 s, after which it 
steeply declines to a steady value of about 17.3 V that is sustained until the end of the 
experiment. 
For anodizing at 30 mA/cm2 for 4000 s, a surge of voltage to 21.3 V within 4 s is 
followed by sharp decline to value of about 17.2 V. The voltage then increases to 17.6 V 
until the end of experiment, as shown in figure (3-9).  
Figure (3-10) shows the voltage-time response for anodizing of a specimen at 40 mA/cm2  
for 1000 s. The voltage increases to 22.6 V in 3 s. Subsequently, the voltage drops to a 
region of steady voltage, about 18.3 V, until the end of anodizing process. 
Figure (3-11) shows the voltage response for a specimen anodized at 40 mA/cm2 for 3000 
s. The voltage initially increases linearly to 23.0 V during 3 s, followed by a steep decline 
to approximately 17.8 V. The voltage then remains constant up to about 250 s. The 
voltage then rises slowly, reaching a maximum value 19.6 V at the end of the experiment. 
Figure (3-12) reveals the voltage response for a specimen anodized at 40 mA/cm2 for 
4000 s. An initial surge to 23.0 V within 3 s is followed by a drop to about 17.8 V that is 
maintained until about 250 s. The voltage then rises more rapidly until the end of the 
experiment when a value of 20.2 V is attained. 
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The result for anodizing of a specimen at 50 mA/cm2 for 1000 s is shown in figure (3-13). 
The anodizing voltage initially rises to 22.4 V during 3 s, followed by a region of steady 
voltage, of about 19.0 V, until 1000 s. 
The typical voltage-time response is shown in figure (3-14) for anodizing of a specimen 
at 50 mA/cm2 for 3000 s. An initial linear rise of the voltage to 22.3 V occurs with time 
to 3 s. The voltage then decreases to roughly 18.5 V. It remains almost constant for about 
200 s, after which the voltage rapidly increases to 24.2 V at the termination of the 
experiment. 
Figure (3-15) reveals the voltage response for a specimen anodized at 50 mA/cm2 for 
4000 s. An initial surge of voltage to 22.3 V occurs within 3 s. Subsequently the voltage 
decreases to about 18.4 V, and remains approximately constant until about 200 s, when it 
rises more rapid until about 3000 s, after which a relatively steep increase of the voltage 
occurs until the end of experiment at 4000 s when the voltage reaches 27.2 V. See table 
(3-2.1) for a summary for all results obtained in groups 1 and 2 at 20 0C. The plateau of 
anodizing voltages for specimens anodized at 20 0C was lower than that recorded for 



























         5       5400       8.8      12       20     8.1     8.1     1.0 
        10       5400      12.7       8       18    11.6    11.6     1.8 
        20       5400      19.2       5       12    14.8    14.8     6.1 
        30       5400      21.1      4       10    16.9    16.9     6.3 
       40       5400      22.3      3       9    18.0    25.6     9.7 
       50      5400      22.1      3       8    18.3    29.7    11.1 
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       30      1000      21.5       3       10     17.1    17.1     7.0 
        30      3000      22.1       4       10     17.3    17.3     6.8 
        30      4000      21.3       4       10     17.6    17.6     6.2 
        40      1000      22.6       3        9     18.3    18.3    11.2 
        40      3000      23.0       3        9     17.8    19.6    10.0 
        40      4000      23.0       3        9     17.8    20.2    10.7 
        50      1000      22.4       3        8     19.0    22.4    11.3 
        50      3000     22.3       3        8     18.5    24.2    11.2 
        50      4000     22.3       3        8     18.6    27.2    11.4 
Table (3-2.1). The peak voltage, the time of peak, the plateau voltage, the final voltage 
and the slope of the initial period of approximately linear voltage rise for anodic films 
formed on aluminium in 24.5 wt % sulphuric acid at 20 0C.  
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Figure (3-2). Voltage-time response for anodizing of high purity Al at 10 mA/cm2  
                     for 5400 sin 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure  (3-1). Voltage-time response for anodizing of high purity Al at 5 mA/cm2  
                      for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C.  
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Figure (3-3). Voltage-time response for anodizing of high purity Al at 20 mA/cm2  
                       for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (3-4). Voltage-time response for anodizing of high purity Al at 30 mA/cm2  
                      for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-5). Voltage-time response for anodizing of high purity Al at 40 mA/cm2  
                      for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C.  















 at 0 oC
 at 20 oC
















Figure (3-6). Voltage-time response for anodizing of high purity Al at 50 mA/cm2  
                      for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-7). Voltage-time response for anodizing of high purity Al at 30 mA/cm2  
                       for 1000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (3-8). Voltage-time response for anodizing of high purity Al at 30 mA/cm2 for  
                              3000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-9). Voltage-time response for anodizing of high purity Al at 30 mA/cm2 for  
                               4000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (3-10). Voltage-time response for anodizing of high purity Al at 40 mA/cm2 for  
                             1000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-11). Voltage-time response for anodizing of high purity Al at 40 mA/cm2 for 
                               3000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (3-12). Voltage-time response for anodizing of high purity Al at 40 mA/cm2 for 
                                 4000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-13). Voltage-time response for anodizing of high purity Al at 50 mA/cm2 for 
                              1000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (3-14). Voltage-time response for anodizing of high purity Al at 50 mA/cm2 for  
                              3000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-15). Voltage-time response for anodizing of high purity Al at 50 mA/cm2 for  
                                 4000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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3-3 Plan view SEM examinations of specimens anodized in 24.5 % sulphuric acid at 
0 0C 
In this section, SEM plan views of the surface morphology of anodized specimens are 
presented. The specimens were anodized either at different selected current densities 
namely, 5, 10, 20, 30, 40 and 50 mA/cm2, for 5400 s (group “1”) or for various times 
(1000, 3000 and 4000 s) at selected constant current densities (30, 40 and 50 mA/cm2) 
(group “2”). The surfaces of the films were examined by scanning electron microscopy to 
determine the influence of growth conditions on the surface morphology, including 
whether or not surfaces were degraded by prolonged exposure to the sulphuric acid 
electrolyte. A main feature of all specimens was a network of ridges in the film surfaces, 
which reflects the pattern of the cellular textures on the topography of the electropolished 
aluminium surface, as shown in figure (3-3.16).  However, for anodizing at 20, 30, 40 
and 50 mA/cm2, new features were observed on the specimen surfaces, namely, nodules 
and cavities, in addition to the network of ridges associated with the cellular textures. The 
nodules appear either individually or in groups with the nodules often revealing a thin 
layer of film that appears to be peeling back from the nodule surface. Moreover, the 
cavities appear usually within fine linear features that may reveal isolated or linked 
cavities; these cavities sometimes reveal branching. In this section, the approximate 
dimensions of the ridge separations are determined as presented in table (3-3.1). 
However, the resolution of the images is insufficient to reveal details of pore diameter 
and pore population densities, which are considered later in section (3-7).  
3-3.1 Group “1”
The plan view micrographs of a specimen anodized at 5 mA/cm2 for 5400 s are shown in 
figure (3-3.1). The network ridges on the film surface shown in micrograph (a) reveals a 
ridge separation in the range 51 to 75 nm, with the surface between ridges containing 
pores. Sometimes the texturing of the film appears as furrows, as seen in (b) and (c). 
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Figure (3-3.2) shows a plan view micrographs of a specimen anodized at 10 mA/cm2 for 
5400 s. A network of ridges is evident consisting of furrows with separation in the range 
of about 50 to 72 nm. The influence of a grain boundary in the substrate is evident in 
micrograph (b). 
Three plan view micrographs at various magnifications of specimens anodized at 20 
mA/cm2 for 5400 s are revealed in figure (3-3-3). The network of ridges on the film 
surface is generally similar to that of the specimens anodized at 5 and 10 mA/cm2. Some 
ridges forming a cell of the network contain more than one pore (2-4). The ridge 
separations in the network are in the range from roughly 63 to 88 nm, as seen in (a)-(b). 
Only three nodules appears on film as seen in (c). 
Three plan view micrographs of a specimen anodized at 30 mA/cm2 for 5400 s are 
revealed in figure (3-3-4) Micrograph (a) shows that the ridges of the network contain 
several pores namely, from 2 to 5. The separation of ridges extends over the range from 
50 to 89 nm. In micrograph (b), branching of furrows appears on the surface of the film. 
Micrograph (c) reveals some nodules formed on the film surface.  
Three plan view micrographs of a sample anodized at 40 mA/cm2 for 5400 s are shown in 
figure (3-3.5). Micrograph (a) shows that the film surface contains defects with nodule-
like appearance, with a layer of adjacent film peeling back. These nodules have various 
sizes, with diameters in the range 2.5 µm to 15.0 µm. Micrograph (b) reveals a nodule at 
high magnification, the surrounding surface morphology disclosing a modified texture of 
the surface. Cavities in the film and furrows with width extending from approximately 54 
to 71 nm can be seen in micrograph (c). 
Four plan view micrographs of a specimen anodized at 50 mA/cm2 for 5400 s are shown 
in figure (3-3.6). Nodules with different size in the range from 2.5 to 13.8 µm are shown 
in micrographs (a) and (c). Micrograph (b) shows the morphology surrounding the 
nodules in micrograph (a). This reveals fine linear features very close to the nodules, 
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which comprise cavity-like features in the high magnification micrograph (d), surrounded 
by the network ridges. The ridge separation ranges from about 48 to 71 nm. 
3-3.2 Group “2” 
Four plan view micrographs of the specimen anodized at 30 mA/cm2 for 1000 s are 
shown in figure (3-3.7). The general surface of the film contains branching furrows, as 
shown in micrographs (a) and (b). Micrograph (c) reveals the network ridges on the film 
surface. The ridges separation ranges approximately from 50 to 75 nm. Nodules is shown 
in micrograph (d).  
Three plan view micrographs of a specimen anodized at 30 mA/cm2 for 3000 s are 
revealed in figure (3-3.8). The film surface reflects the pattern of the cellular texture on 
the electropolished substrate surface. The influence of grain boundaries in the substrate is 
evident in micrographs (a) and (b). Micrographs (a) shows also the separation of ridges 
ranges from about 38 to 75 nm. Nodules were shown on micrograph (c).   
Three plan view micrographs of the specimen anodized at 30 mA/cm2 for 4000 s are 
shown in figure (3-3.9). In micrograph (a), the network of ridges on the film surface is 
evident. Micrograph (b) reveals some cavities and furrows. The ridge separation is in the 
range of 50 to 75 nm. Micrograph (c) shows three adjacent nodules on the film surface.  
Figure (3-3.10) reveals four plan view micrographs of a specimen anodized at 40 mA/cm2
for 1000 s. In micrograph (a), nodules appear with various diameters from 6.25 µm to 
11.25 µm. Fine linear features in the film surface can be observed in the high 
magnification micrograph (b). These lines comprise branching cavities that can be 
observed in the high magnification micrograph (c), which discloses furrows of 
approximate separation from 42 to 69 nm. In micrograph (d), the film surface comprises 
branching furrows. 
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Three plan view micrographs of a specimen anodized at 40 mA/cm2 for 3000 s are shown 
in figure (3-3.11). Micrograph (a) shows fine branching linear features in the film 
morphology, which are more evident in high magnification micrographs (b) and (c) as 
lines of cavities. Moreover, the micrographs (b) and (c) disclose a film surface with a 
network of ridges with separation ranging from about 43 to 69 nm.   
Figure (3-3.12) reveals four plan view micrographs of a specimen anodized at 40 mA/cm2
for 4000 s. Pits evident in (a) might arise from the electropolishing process. The 
surrounding film reveals a textured surface, containing furrows, as in micrograph (a); also 
lines of cavities can be seen. Micrograph (b) shows a defect, possibly related to an 
impurity, in the surface between two pits and the general morphology of the network 
ridges, with furrow widths from about 64 to 71 nm. The initial growth of a nodule around 
the peripheral region with cracks evident, is revealed in micrograph (c). In the high 
magnification micrograph (d), cracks are shown with width from 63 to 313 nm. At high 
magnification, different orientations of furrows which suggest due to an influence of 
grain boundaries or sub-grain boundaries of the aluminium. 
Figure (3-3.13) reveals four plan view micrographs of a specimen anodized at 50 mA/cm2
for 1000 s. Micrographs (a) and (b) show several nodules, with various diameters in the 
range from 0.83 to 15.0 µm. The high magnification micrograph (c) of the morphology 
surrounding these nodules shows fine linear features, which usually appear as cavity-like 
features at high magnification. Branching of furrows, with width of 42 to 56 nm, can be 
seen in micrograph (d).
Four plan micrographs of a specimen anodized at 50 mA/cm2 for 3000 s are seen in 
figure (3-3.14). Micrograph (a) shows several nodules with various sizes, with diameters 
from 3.3 to 21.5 µm. Micrograph (b) discloses the initial growth of a nodule in the 
vicinity of the surface, a linear features of the type described previously (see figure (3-
3.6).(a)-(d)) is evident. The adjacent film discloses a fine texture due to the presence of 
furrows, which can be observed at high magnification, see figure (b). Effects of grain 
boundaries in the substrate can be seen in micrograph (c). In general, the morphology of 
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the film at high magnification consists of furrows containing pores as revealed in 
micrograph (d). The furrow width is in the range of 52 to 69 nm. 
Figure (3-3.15) shows four plan view micrographs of a specimen anodized at 50 mA/cm2
for 4000 s. An open cavity can be seen in micrograph (a). In micrographs (b) and (c) the 
morphology surrounding the nodule reveals fine linear features, similar to those described 
previously. Micrograph (d) shows branching furrows, with width from 41 to 68 nm, and 
the influence of a grain boundary in the substrate.   
Current density 
(mA/cm2) 
      Anodizing time (s) Approximate range of 
separation of ridges (nm) 
              5                 5400                51 – 75 
             10                 5400                50 – 72 
             20                 5400                63 – 88 
            30                 5400                50 – 89 
            40                 5400                54 – 71 
            50                 5400                 48 – 71 
            30                 1000                50 – 75 
            30                 3000                38 – 75 
            30                 4000                50 – 75 
            40                 1000                42 – 69 
            40                 3000                43 – 69 
           40                  4000               64 – 71 
           50                  1000               42 – 56 
           50                  3000               52 – 69 
           50                  4000               41 – 68 
Table (3-3.1). The approximate range of separation ridges on the surface of the alumina 





Figure (3-3.2). (a-c). Plan view micrographs at different magnifications of a high purity  
    Al specimen anodized at 10 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s. 
Figure (3-3.1).(a-c). Plan view micrographs at different magnifications of a high purity  








Figure (3-3.3). (a-c). Plan view micrographs at different magnifications of a high purity  
    Al specimen anodized at 20 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s. 
0.5µmb0.1µma
c 100 µm
Figure (3-3.4). (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 30 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s. 
157
0.5 µm
5 µm10 µm b
c
a
Figure (3-3.5). (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s. 
Figure (3-3.6). (a-d). Plan view micrographs at different magnifications of a high purity  











Figure (3-3.8). (a-c).Plan view micrographs at different magnifications of a high purity  





Figure (3-3.7). (a-d). Plan view micrographs at different magnifications of a high purity  






Figure (3-3.9). (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 30 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 4000 s. 
0.5µm 0.5 µm
1 µm10 µm b
c d
a
Figure (3-3.10). (a-d). Plan view micrographs at different magnifications of a high purity  
    Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s. 
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Figure (3-3.12). (a-d). Plan view micrographs at different magnifications of a high purity  
     Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 4000 s. 
Figure (3-3.11). (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 3000 s. 
0.5 µm
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Figure (3-3.13). (a-d). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s. 
1 µm 0.5 µm
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Figure (3-3.14). (a-d). Plan view micrographs at different magnifications of a high purity  
    Al specimen anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 3000 s. 
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Figure (3-3.15). (a-d). Plan view micrographs at different magnifications of a high purity  
    Al specimen anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 4000 s. 
Figure (3-3.16). (a)-(b). Plan view micrographs at different magnifications of an 
electropolished high purity Al specimen anodized at 20 V in mixture of ethanol-   
         perchloric acid electrolyte (4 : 1 by volume) at below 10 0C for 180 s. 
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3-4 Plan view SEM examinations of specimens anodized in 24.5 wt % sulphuric acid 
at 20 0 C 
In this section, SEM plan views of surface are presented for specimens that were 
anodized either at different selected current densities namely, 5, 10, 20, 30, 40 and 50 
mA/cm2 for 5400 s (group “1”) or at various times (1000, 3000 and 4000 s) at selected 
constant current densities of 30, 40 and 50 mA/cm2 (group “2”). As mentioned in section 
(3-3), the effect of growth conditions on the surface morphology, including whether or 
not surfaces were degraded by prolonged exposure to the sulphuric acid electrolyte, was 
studied by SEM. The network of ridges in the film surfaces, which reflect the pattern of 
the cellular texture on the topography of the elecropolished aluminium surface, and the 
appearance of linear features of linked or isolated cavities are the main feature for all 
alumina films formed in all anodizing conditions. Sometimes the cavities appear to 
follow the grain boundaries or sub-grain boundaries of the aluminium substrate across 
which the furrows reveal different orientations, moreover the cavities sometimes branch, 
as shown in the micrographs. Table (3-4.2) reveals the approximate range of the 
separation ridges.   
3-4.1 Group “1” 
The plan view micrographs of a specimen anodized at 5 mA/cm2 for 5400 s are revealed 
in figure (3-4.1). The film surface is composed of furrow domains in different directions 
and contains cavities, as shown in micrograph (a). The high magnification image, (b), 
reveals furrows of width about 38 to 63 nm, containing pores.  
The plan view micrographs of a specimen anodized at 10 mA/cm2 for 5400 s are shown 
in figure (3-4.2). Micrograph (a) reveals the effect of grain boundaries in the substrate 
and lines of cavities, some of which follow the grain boundaries. The surface of the film 
consists of furrows of approximate width 32 to 63 nm, as shown in micrograph (b). 
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Three plan view micrographs at different magnifications of a specimen anodized at 20 
mA/cm2 for 5400 s are shown in figure (3-4.3). Micrograph (a) reveals the influence of a 
grain boundary in the substrate, with different directions of furrows of width ranging 
from 30 to 60 nm containing cavities. Branching of furrows can be seen clearly in 
micrographs (b) and (c). 
Two plan view micrographs at various magnifications of a specimen anodized at 30 
mA/cm2 for 5400 s are shown in figure (3-4.4). A network of ridges is present in the 
surface of the film, as can be seen in micrographs (a) and (b). The separations of ridges in 
the film surface are in the range about 45 to 65 nm. 
Two plan view micrographs at differing magnifications of a specimen anodized at 40 
mA/cm2 for 5400 s are shown in figure (3-4.5). Micrograph (a) shows domains with 
furrows aligned in different directions; linear features that appear to consist of adjacent 
cavities are also present. Micrograph (b) reveals ridges of separation from 38 to 62 nm.  
Figure (3-4.6) shows three plan view micrographs of a specimen anodized at 50 mA/cm2
for 5400 s. Linear features with cavities, are seen in micrograph (a).  Micrographs (b) and 
(c) show ridges, with separation in the range about 38 to 77 nm.  
3-4.2 Group “2” 
Three plan view micrographs of a specimen anodized at 30 mA/cm2 for 1000 s are shown 
in figure (3-4.7). The film surface exhibits linear features containing cavities as shown in 
micrograph (a). High magnification micrographs (b) and (c) reveal ridges with separation 
from approximately 35 to 59 nm. 
Three plan view micrographs of a specimen anodized at 30 mA/cm2 for 3000 s, figure (3-
4.8), show a network of ridges. Furrows can be seen in the bottom right hand corner of 
micrograph (a) as result of merging of the ridge boundaries. The ridge separation is in the 
range about 39 to 63 nm. 
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Three plan view micrographs of a specimen anodized at 30 mA/cm2 for 4000 s are shown 
in figure (3-4.9). The influence of grain boundaries in the substrate is clearly shown in 
micrograph (a). Linear features with cavities usually follow the grain boundaries, 
separating domains of differently directed furrows. Micrographs (b) and (c) show furrows 
with width in the range 38 to 62 nm. 
Three plan view micrographs of a specimen anodized at 40 mA/cm2 for 1000 s are 
revealed in figure (3-4.10). Micrograph (a) reveals domains of differently directed 
furrows, with lines of cavities also evident. Micrographs (b) and (c) show ridges with 
approximate separation 42 to 63 nm.  
Figure (3-4.11) reveals two plan view micrographs of a specimen anodized at 40 mA/cm2
for 3000 s. Domains of furrows with different directions, with branching linear features 
with cavities can be seen in micrograph (a). A region of the linear features with cavities is 
displayed at high magnification in micrograph (b), with cavity width from 42 to 158 nm. 
The ridge separation is from 31 to 52 nm.  
Figure (3-4.12) shows two plan view micrographs of a specimen anodized at 40 mA/cm2
for 4000 s. Micrographs (a) and (b) provide evidence of a network of ridges. The ridge 
separation is in the  range  45 to 64 nm.  
Figure (3-4.13) reveals three plan view micrographs of a specimen anodized at 50 
mA/cm2 for 1000 s. Micrographs (a) and (b) show domains of differently directed 
furrows containing linear features with cavities. Branching furrows can be seen clearly in 
micrographs (b) and (c). The furrow width is about 47 to 59 nm. 
Three plan view micrographs of a specimen anodized at 50 mA/cm2 for 3000 s are 
revealed in figure (3-4.14). The general surface of the film exhibits branching furrows as 
shown in micrographs (a), (b) and (c). The furrow width is about 42 to 63 nm. 
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Four plan view micrographs of a specimen anodized 50 mA/cm2 for 4000 s are presented 
in figure (3-4.15). Domains of differently directed furrows, including linear features with 
cavities, are revealed in micrographs (a), (b) and (c). The furrow width is in the range of 
42 to 63 nm.   
Current density 
(mA/cm2) 
      Anodizing time (s) Approximate range of 
separation of ridges (nm) 
             5                5400                 38 – 63 
            10                5400                 32 – 63 
            20                5400                 30 – 60 
            30                5400                 45 – 65 
            40                5400                 38 – 62 
            50                5400                 38 – 77 
            30                1000                 35 – 59 
            30                3000                 39 – 63 
            30                4000                 38 – 62 
            40                1000                 42 – 63 
            40                3000                  31 – 52 
            40                4000                  45 – 64 
           50                1000                  47 – 59 
           50                3000                  42 – 63 
           50                4000                  42 – 63 
Table (3-4.2) The approximate range of separation ridges on the surface of the alumina 





Figure (3-4.1). (a-b). Plan view micrographs at different magnifications of a high purity  





Figure (3-4.2). (a-b). Plan view micrographs at different magnifications of a high purity  






Figure (3-4.3) (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 20 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s. 
200 nmb200 nma
Figure (3-4.4) (a-b). Plan view micrographs at different magnifications of a high purity  
  Al specimens anodized at 30 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s. 
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200 nma 200 nmb
100 nmc
1 µma 100 nmb
Figure (3-4.5) (a-b). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s. 
Figure (3-4.6) (a-c). Plan view micrographs at different magnifications of a high purity  
 Al specimen anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s. 
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200 nma 100 nmb
200 nmc
200 nma 200 nmb
100 nmc
Figure (3-4.8) (a-c). Plan view micrographs at different magnifications of a high purity  
  Al specimen anodized at 30 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 3000 s. 
Figure (3-4.7) (a-c). Plan view micrographs at different magnifications of a high purity  






Figure (3-4.9) (a-c). Plan view micrographs at different magnifications of a high purity  
  Al specimen anodized at 30 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 4000 s. 
Figure (3-4.10) (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 1000 s. 
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200 nmb1 µma
Figure (3-4.11) (a-b). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 40 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 3000 s. 
200 nma 200 nmb
Figure (3-4.12) (a-b). Plan view micrographs at different magnifications of a high purity  







Figure (3-4.13) (a-c). Plan view micrographs at different magnifications of a high purity  
   Al specimen anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 1000 s. 
Figure (3-4.14) (a-c). Plan view micrographs at different magnifications of a high purity  




Figure (3-4.15) (a-d). Plan view micrographs at different magnifications of a high purity  
   Al specimens anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 4000 s. 
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3-5 Measurements of the thickness of the films from cross section micrographs
The anodic films were examined in cross section, primarily to determine the film 
thickness, from which the kinetics of the film growth were calculated, together with the 
expansion factors of the films. The latter are presented later in section (3-6.2). The 
average thickness of the films was calculated from 6 to 8 measurements of the film 
thickness at different positions along the cross sections observed in the scanning electron 
micrographs. In all cases, the films are shown attached to the aluminium substrate with 
resin being present at the top of the film. The resin was used to mount the specimens for 
cross-sectioning and polishing.  
The micrographs in figures (3-5.1) to (3-5.6) show that the film thickness increases with 
increase in anodizing time at a given current density and with increase in current density 
at a particular anodizing time. The influence of temperature on the film thickness at a 
particular current density and anodizing time shows that the film thickness reduces with 
increase of temperature. The thicknesses of the films formed at 0 0C are in the range from 
2.7 to 178.0 µm and in the range from 2.5 to 153.6 µm for films grown at 20 0C. Tables 
(3-5.1) and (3-5.2) compare the thicknesses of the anodic films determined from the SEM 
micrographs of cross-sections of the films formed at 0 and 20 0C and the thicknesses of 
the films which were calculated by Faraday´s law. The predicted thickness, X, is 
calculated from Faraday’s law as follows:  
X = J t Malumina / z F ρalumina                     (for efficiency of formation of alumina at 100 %) 
where J is the current density (A/cm2), t is the anodizing time (s), Malumina is the 
molecular mass of alumina (102 g), z is number of electrons (6), F is Faraday’s number 














              5            1000     2.7 ± 0.11          3.5        23.0 
              5            5400     14.7 ± 0.50          19.0          22.7 
             10           1000     5.5 ± 0.20          7.0        21.4 
             10            5400     30.0 ± 0.80          38.1        21.2 
             20            1000     11.5 ± 0.41          14.1        18.4 
             20            5400     64.6 ± 1.82          76.1        15.1 
             30            1000     18.9 ± 0.50          21.1          10.4 
             30            3000     53.8 ± 1.33          63.4       15.1 
             30            4000     74.0 ± 1.61          84.6       12.5 
             30            5400     100.0 ± 2.18         114.2       12.4 
             40            1000    24.4 ± 1.00         28.2       13.5 
             40            3000    75.0 ± 2.86         84.6       11.3 
             40            4000    101.2 ± 3.00         112.7       10.2 
            40            5400    138.6 ± 4.50         152.2        8.9 
            50            1000    32.2 ± 0.60         35.2        8.6  
            50            3000    96.5 ± 2.00         105.7        8.7 
            50            4000    129.6 ± 4.50         140.9        8.0 
            50            5400    178.00 ± 4.00        190.25       6.43 
Table (3-5.1). Film thickness determined from scanning electron micrographs of film 














              5            1000     2.5 ± 0.10          3.5        28.1 
              5            5400     13.2 ± 0.21          19.0          30.7 
             10           1000     5.1 ± 0.12          7.0        27.4 
             10            5400     27.5 ± 1.50          38.1        27.7 
             20            1000     10.7 ± 0.20          14.1        24.3 
             20            5400     55.8 ± 2.10          76.1        26.7 
             30            1000     16.5 ± 0.22          21.1          22.1 
             30            3000     51.0 ± 1.30          63.4        19.6 
             30            4000     65.0 ± 2.00          84.6        23.1 
             30            5400     87.1 ± 3.30         114.2        23.7 
             40            1000     22.8 ± 1.20         28.2        19.3 
             40            3000     66.9 ± 3.20         84.6        20.9 
             40            4000     88.7 ± 3.00         112.7        21.3 
            40            5400    118.2 ± 4.20         152.2        22.4 
            50            1000     29.4 ± 0.65         35.2       16.6 
            50            3000     85.7 ± 0.74         105.7       18.9 
            50            4000    114.3 ± 2.31         140.9       18.9 
           50            5400    153.6 ± 3.45        190.3       19.3 
   
Table (3-5.2). Film thickness determined from scanning electron micrographs of film 
cross-sections and the film thickness calculated using Faraday’s law for films formed at 
20 0C. 
At both temperatures the results show that the percentage difference between measured 
and calculated thickness reduces with increase of current density. The influence of the 
time on the difference percentage shows it almost decreases as the time increases at 0 0C. 
However, the films fabricated at 20 0C reveals opposite trend. Moreover, the percentage 
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difference for alumina films fabricated at 20 0C is greater than that for alumina films 
formed at 0 0C due to chemical dissolution which enhanced by increase in temperature. 
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Figure (3-5.1). Cross section micrographs of a high purity specimens anodized in 24.5 wt % 
sulphuric acid at 0 0C: (i) at 5 mA/cm2 for 1000 s, (ii) at 5 mA/cm2 for 5400 s, (iii) at 10 
mA/cm2 for 1000 s, (iv) at 10 mA/cm2 for 5400 s, (v) at 20 mA/cm2 for 1000 s and (vi) at 20 




















Figure (3-5.2). Cross section micrographs of a high purity specimens anodized in 24.5 wt %  
sulphuric acid at 0 0C: (i) at 30 mA/cm2 for 1000 s, (ii) at 30 mA/cm2 for 3000 s, (iii) at 30  
 mA/cm2 for 4000 s, (iv) at 30 mA/cm2 for 5400 s, (v) at 40 mA/cm2 for 1000 s, (vi) at 40  




















Figure (3-5.3). Cross section micrographs of a high purity specimens anodized in 24.5 wt % 
sulphuric acid at 0 0C: (i) at 40 mA/cm2 for 4000 s, (ii) at 40 mA/cm2 for 5400 s, (iii) at 
50 mA/cm2 for 1000 s, (iv) at 50 mA/cm2 for 3000 s, (v) at 50 mA/cm2 for 4000 s and (vi) 






































Figure (3-5.4). Cross section micrographs of a high purity specimens anodized in 24.5 wt %  
sulphuric acid at 20 0C: (i) at 5 mA/cm2 for 1000 s,  (ii) at 5 mA/cm2 for 5400 s (iii) at 10 
mA/cm2 for 1000 s, (iv) at 10 mA/cm2 for 5400 s, (v) at 20 mA/cm2 for 1000 s and (vi) at 20 
















Figure (3-5.5). Cross section micrographs of a high purity specimens anodized in 24.5 wt %  
sulphuric acid at 20 0C: (i) at 30 mA/cm2 for 1000 s, (ii) at 30 mA/cm2 for 3000 s, (iii) at  
30 mA/cm2 for 4000 s, (iv) at 30 mA/cm2 for 5400 s, (v) at 40 mA/cm2 for 1000 s and (vi)  
at 40 mA/cm2 for 3000 s.  
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Figure (3-5.6). Cross section micrographs of a high purity specimens anodized in 24.5 wt %  
sulphuric acid at 20 0C: (i) at 40 mA/cm2 for 4000 s, (ii) at 40 mA/cm2 for 5400 s, (iii) at  
50 mA/cm2 for 1000 s, (iv) at 50 mA/cm2 for 3000 s, (v) at 50 mA/cm2 for 4000 s and (vi)  


















3-6 Measurements of volume expansion factor and efficiency of film growth
The effect of anodizing conditions, i.e, current density, time of anodizing and electrolyte 
temperature, on the volume expansion factor of alumina films was studied in this section. 
The volume expansion factor is determined from the ratio of the thickness of the anodic 
film to the thickness of the oxidized aluminium. 
3-6.1. Calculation of the efficiency of the film formation and the volume expansion 
factor of oxides based on TEM examination
This section reports the volume expansion factor achieved following anodizing of  
sputtering-deposited aluminium layers at 5 and 50 mA/cm2 for approximate times of 500 
and 50 s respectively in 24.5 wt % sulphuric acid at 0 and 20 0C. The films were 
examined by TEM following preparation of cross-sections by ultramicrotomy. The 
anodizing times were chosen to give a constant charge during anodizing process of 
approximately 2.5 C/cm2.  
The charge density passed during anodizing, Q1 (C/cm2) is calculated from the current 
density, J (A/cm2), and the time of anodizing, t (s) using the equation: 
Q1 = J x t                                         (1) 
The charge density, Q2 (C/cm2) is calculated from the measured thickness of oxidized 
aluminium using equation:  
Q2 = 2.893 x 10 -3 x measured thickness of oxidized aluminium (nm)                             (2)  
where, the 2.893 x 10-3 C/cm2 is the charge density required to oxidize 1 nm of 
aluminium determined from Faraday’s law.  
The efficiency of anodizing is calculated from the ratio of Q2 : Q1. The thickness of 
oxidized aluminium, the oxide thickness, the original thickness of sputtering-deposited 
aluminium, the volume expansion factor, the charge densities and the efficiencies for 
186
various anodizing conditions are shown in table (3-6.1) for batch (1) and table (3-6.2) for 
batch (2). Note the anodizing charge density is not always equal to 2.5 C/cm2, but it 
changes depending on the period of anodizing time as shown in results below.    
i- Batch “1” 
As seen in figure (3-6.1.1), a typical voltage-time transient for a sputtering-deposited 
aluminium layer anodized in 24.5 wt % sulphuric acid at 5 mA/cm2 at 0 0C for 500 s 
shows an initial linear relation of anodizing voltage and time, with a slope of 
approximately 1.7 V/s. Above 15.0 V, the slope decreases until a maximum voltage of 
about 21.8 V is reached, followed by reduction to 16.5 V. After which the voltage 
increases to a steady value of about 17.3 V. Transmission electron micrographs of an 
ultramicrotomed section of a sputtering-deposited aluminium layer prior to anodizing and 
after anodizing for 500 s, with the barrier layer as a reference on the electropolished 
aluminium, are shown in figure (3-6.1.2). The sputtering-deposited aluminium layer of 
1333 ± 21 nm thickness is composed of columnar grains, with a width of up to 50 to 200 
nm. The growth rate of the anodic alumina (1310 ± 40 nm) is about 2.6 nm/s. The volume 
expansion factor i.e. the ratio of the thickness of the anodic alumina oxide (1310 ± 40 
nm) to that of the oxidized sputtering deposited layer of aluminium (833 ± 22 nm) is 
approximately 1.57. The anodizing charge passed during growth of the anodic alumina 
film for 500 s is 2.5 C/cm2, which approximately agree to 4 % with that required to 
anodize 833 ± 22 nm of deposited aluminium that was consumed during anodizing, about 
2.409 C/cm2.   
During anodizing of a sputtering-deposited aluminium layer in 24.5 wt % sulphuric acid 
at 50 mA/cm2 at 0 0C for 54 s, the voltage-time transient reveals an initial roughly linear 
increase of voltage to 29.0 V, with a slope of about 13.4 V/s. After that the slope 
decreases until a maximum voltage of 33.9 V is reached, followed by a transition to a 
relatively constant region of voltage of approximately 25.0 V, as shown figure (3-6.1.3).  
Paired micrographs of transmission electron microscopy of ultramicrotomed sections of 
the sputtering-deposited aluminium layer before and after oxidizing for 54 s, with the 
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reference barrier oxide film on the electropolished substrate are shown in figure (3-6.1.4). 
The presence of columnar grains, with width of about 50-150 nm, are evident in the 
sputtering-deposited layer of thickness of 1257 ± 21 nm, which has a surface roughness 
of up to about 50 nm. The formation rate of the film of thickness of 1493 ± 48 nm is 28 
nm/s. The ratio of the thickness of the anodic alumina oxide (1493 ± 48 nm) to that of the 
oxidized sputtering-deposited layer of aluminium (918 ± 26 nm) is approximately 1.63. 
An anodizing charge 2.700 C/cm2 is passed during anodizing of the aluminium for 54 s. 
This anodizing charge approximately agrees to within 2.0 % with the charge necessary to 
oxidize 918 ± 26 nm of sputtering-deposited aluminium layer, about 2.655 C/cm2. 
The voltage-time behaviour of a specimen anodized at 5 mA/cm2 in 24.5 wt % sulphuric 
at 20 0C for 500 s reveals an initial linear slope of 1.2 V/s. The voltage achieves a 
maximum value of 8.8 V after 12 s, followed by a decline to a steady voltage of 8.0 V, as 
shown in figure (3-6.1.5). Figure (3-6.1.6) shows TEM micrographs of ultramicrotomed 
sections of the sputtering-deposited aluminium layer before and after anodizing for 500 s. 
The 1267 ±19 nm thick sputtering-deposited aluminium layer consist of columnar grains 
of width 50-250 nm. The growth rate of the anodic film (1164 ± 42) is 2.3 nm/s. The 
oxide thickness (1164 ± 42 nm) is about 1.42 times greater than the thickness of 
consumed sputtering-deposited aluminium (817 ± 10 nm). The respective values of the 
anodizing charge passed during formation of alumina film as compared to that required 
for oxidizing (817 ± 10 nm) of sputtering-deposited aluminium layer are 2.5 and 2.363 C/ 
cm2, with a difference of 5 %. 
As seen in figure (3-6.1.7), anodizing of the sputtering-deposited aluminium layer at 50 
mA/cm2 at 20 0C for 50 s in 24.5 wt % sulphuric acid reveals an initial linear rise of 
voltage at rate 11.8 V/s. The voltage subsequently reaches a maximum value of 24.3 V, 
followed by a slow decrease to a steady value of around 19.0 V. Transmission electron 
micrographs of the specimen before and after anodizing are shown in figure (3-6.8). The 
thickness of the sputtering-deposited aluminium layer is 1120 ± 20 nm. The micrographs 
indicate a volume expansion factor of about 1.67. The growth rate of the alumina (1309 ± 
45 nm) is 26 nm/s. The anodizing charge passed during formation of anodic alumina film 
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for 50 s is 2.5 C/cm2. This value differs by 10 % from the charge required (2.262 C/cm3) 
to oxidize the measured thickness of consumed aluminium, 782 ± 16 nm. Table (3-6.1.1) 
shows the thicknesses of oxide, deposited Al and oxidized Al, volume expansion factor 
charge densities and efficiency derived from TEM measurements for all of the sputtering-






































































































































    5  500    0   1310  
  ± 40 
    500 
   ± 10   
    833   
   ± 22 
 1333  
  ± 21   
  1.57  
 ± 0.05 
    2.500 2.409   96 
   50  54    0   1493  
  ± 48 
    338 
   ± 19 
    918 
   ± 26 
  1257 
   ± 21 
  1.63  
 ± 0.12 
    2.700 2.655   98 
   5  500   20   1164  
  ± 42 
    450 
   ± 14 
    817  
   ± 10 
  1267  
  ± 19 
  1.42  
 ± 0.08 
    2.500 2.363   95 
   50  50   20   1309 
  ± 45  
    418 
   ± 12 
   782  
   ± 16 
  1120  
  ± 20 
  1.67 
 ± 0.08 
    2.500 2.262   90 
                      
Table (3-6.1.1). Thicknesses of the anodic film, the deposited Al, the remaining Al and 
oxidized Al, the volume expansion factor, charge densities, Q1, Q2, and the efficiency for 
the anodizing of aluminium.  
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The volume expansion factor increases with increase of current density, i.e. the alumina 
film achieved at 50 mA/cm2 at 20 0C has a volume expansion factor that is 15 % greater 
than that of an alumina film grown at 5 mA/cm2 and at 20 0C. However, the volume 
expansion factor for an alumina film formed at 50 mA/cm2 and at 0 0C is low compared 
with that of an alumina film fabricated at 50 mA/cm2 and 20 0C may due to non uniform 
of oxide thickness as shown in Figure (3-6.1.4).   
ii- Batch “2” 
The voltage-time response for anodic alumina fabricated at 5 mA/cm2 in 24.5 wt % 
sulphuric acid at 0 0C for 450 s reveals an initial slope of 1.7 V/s, reaching a maximum 
voltage of 22.0. The value of voltage subsequently reduces to 17.1 V, followed by a 
steady voltage of around 17.4 V, as revealed in figure (3-6.1.9). Figure (3-6.1.10) shows 
transmission electron micrographs of an alumina film formed on sputtering-deposited 
aluminium layer for 450 s, which include the substrate pre-anodized below the 
sputtering-deposited layer. The growth rate of the alumina film, of 1136 ± 45 nm 
thickness is 2.5 nm/s. The volume expansion factor, namely the ratio of the oxide 
thickness to the thickness of the oxidized layer of sputtering deposited of aluminium is 
about 1.56. The charge passed during formation of film for 450 s is 2.250 C/cm2, which is 
with 6 % different from that necessary to oxidize 728 ± 14 nm of deposited aluminium, 
about 2.106 C/cm2.       
Figure (3-6.1.11) shows the voltage-time transient for a sputtering-deposited aluminium 
layer anodized at 50 mA/cm2 for 70 s at 0 0C in 24.5 wt % sulphuric acid.  At the onset of 
anodizing, the voltage surged to a maximum value of 32.3 V, with a slope of around 14.0 
V/s. The voltage then decreases to a steady value of approximately 25 V. Figure (3-
6.1.12) shows transmission electron micrographs. of utramicrotomed sections of the 
sputtering-deposited aluminium layer prior to and after anodizing for 70 s, including the 
reference barrier-type film on electropolished aluminium substrate. The sputtering-
deposited layer of 1220 ± 16 nm thickness has columnar grains with width of about 50-
100 nm. The growth rate of the alumina film 2273 ± 42 nm thick is 32 nm/s. The ratio of 
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alumina film thickness 2273 ± 42 nm to the thickness of the oxidized region of the 
sputtering-deposited aluminium layer, 1175 ± 12 nm, is about 1.93. The charge passed 
during the anodizing process and the calculated value required for oxidizing 1175 ± 12 
nm of sputtering-deposited aluminium layer, 3.500 C/cm2 and 3.399 C/cm2 respectively, 
differ by 3 %. 
For an alumina film fabricated at 5 mA/cm2 in sulphuric acid at 20 0C on sputtering-
deposited aluminium layer for 512 s, the voltage-time response shows an initial increase 
of voltage with increase of time with slope of 1.1 V/s. The voltage reaches a maximum 
value of 8.5 V, followed by reduction to about 7.8 V. The voltage then increases to a 
steady value of about 8.2 V as shown in figure (3-6.1.13). Transmission electron 
micrographs of ultramicrotomed sections of the sputtering-deposited aluminium layer 
before and after anodizing for 512 s are shown in figure (3-6.1.14). The sputtering-
deposited layer of 1280 ± 20 nm thickness has columnar grains of width about 50-150 
nm. The rate of growth of the anodic alumina film of 1185 ± 46 nm thickness is 2.3 nm/s. 
The thickness of the anodic alumina film 1185 ± 46 nm to the thickness of the oxidized 
sputtering-deposited aluminium layer is approximately 1.42. There was a difference of 6 
% between the charge passed during anodizing of film  2.560 C/cm2, and that required to 
anodize the sputtering-deposited aluminium layer of 836 ± 12 nm thickness about 2.418 
C/cm2.  
Figure (3-6.1.15) reveals the voltage-time response for an alumina film formed on 
sputtering-deposited aluminium layer at 50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C 
for 55 s. The initial  slope is about 11.6 V/s, with the voltage reaching a maximum value 
of 23.6 V, followed by reduction to a steady voltage of about 18.5 V. Figure (3-6.1.16) 
shows transmission electron micrographs of the sputtering-deposited layer prior to and 
after anodizing. The sputtering-deposited of 1240 ± 19 nm thickness has columnar grains, 
with 100-150 nm width. The formation rate of the anodic alumina of 1400 ± 30 nm 
thickness is 25 nm/s. The volume expansion factor is 1.67 corresponding to the ratio of 
the alumina thickness 1400 ± 30 nm to the thickness of the oxidized sputtering-deposited 
aluminium layer 840 ± 18 nm. The charge passed during growth of the film is 2.750 
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C/cm2, with difference of 12 % with suspect to that required to oxidize 840 ± 18 nm of 
the aluminium about 2.430 C/cm2.  
Table (3-6.1.2) reveals the thickness of the alumina films, the sputtering-deposited 
aluminum, the oxidized deposited aluminum, the volume expansion factor, the charge 











































































































































    5  450    0    1136 
   ± 45 
    436 
   ± 11   
   728  
  ± 14 
 1164  
 ± 18   
  1.56  
 ± 0.06 
   2.250  2.106  94 
   50   70    0    2273  
   ± 42 
    45 
  ± 22 
  1175 
   ± 12 
 1220 
  ± 16 
  1.93  
 ± 0.03 
   3.500  3.399  97 
    5  512   20    1185  
   ± 46 
   444 
  ± 26 
   836  
  ± 12 
 1280 
 ± 20 
  1.42  
 ± 0.07 
   2.560  2.418  94 
   50   55   20    1400 
   ± 30  
   400 
  ± 10 
  840  
 ± 18 
 1240 
 ± 19 
  1.67 
 ± 0.03 
   2.750  2.430  88 
Table (3-6.1.2). Thicknesses of the anodic film, the deposited Al, the remaining Al and 
oxidized Al, the volume expansion factor, charge densities, Q1, Q2, and the efficiency for 
the anodizing of aluminium. 
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The volume expansion factor increases with increase of current density, i.e. the volume 
expansion factor for an alumina film formed at 5 mA/cm2 and at 0 0C is 12 % lower than 
that of an alumina film fabricated at 50 mA/cm2 and 0 0C. Further, the alumina film 
achieved at 50 mA/cm2 at 20 0C has a volume expansion factor that is 15 % greater than 
that of an alumina film grown at 5 mA/cm2 and 20 0C. Further the influence of 
temperature on the expansion factor for oxides formed at 5 and 50 mA/cm2 at 0 0C, the 
expansion factors are 10 % and 6 % greater, respectively, than those for films fabricated 
at 5 and 50 mA/cm2 at 20 0C. Table (3-6.1.3) shows the average of volume factors 
derived from TEM measurements for both batches. 
 Current density (mA/cm2)        Temperature 0C Average of volume 
expansion factor derived 
from TEM 
                   5                     0             1.57 ± 0.06 
                  50                     0             1.78 ± 0.08 
                  5                    20             1.42 ± 0.08 
                  50                    20             1.67 ± 0.08 
Table (3-6.1.3). The average of the volume factor determined from TEM measurements. 
193
Figure (3-6.1.1). Voltage-time transient for anodizing of sputtering-deposited aluminium                       
layer at 5 mA/cm2 for 500 s in 24.5 wt % sulphuric acid at 0 0C. 
Figure (3-6.1.2). Transmission electron micrographs of ultramicrotomed sections of 
sputtering-deposited aluminium layer: (a) following deposition, (b) after anodizing at 5     





















Figure (3-6.1.3). Voltage-time transient for anodizing of sputtering-deposited aluminium    




Figure (3-6.1.4). Transmission electron micrographs of ultramicrotomed sections of  
sputtering-deposited aluminium layer: (c) following deposition, (d) after anodizing at  




















Figure (3-6.1.5). Voltage-time transient for anodizing of sputtering-deposited aluminium                    
                    layer at 5 mA/cm2 for 500 s in 24.5 wt % sulphuric acid at 20 0C. 
Figure (3-6.1.6). Transmission electron micrographs of ultramicrotomed sections of  
sputtering-deposited aluminium layer: (e) following deposition, (f) after anodizing at 5 


























   
Figure (3-6.1.7). Voltage-time transient for anodizing of sputtering-deposited aluminium                   
                   layer at 50 mA/cm2 for 50 s in 24.5 wt % sulphuric acid at 20 0C. 
Figure (3-6.1.8). Transmission electron micrographs of ultramicrotomed sections of           
sputtering-deposited aluminium layer: (g) following deposition, (h) after anodizing at 50  






















Figure (3-6.1.9) Voltage-time transient for anodizing of sputtering-deposited aluminium   
                   layer at 5 mA/cm2 for 450 s in 24.5 wt % sulphuric acid at 0 0C. 
Figure (3-6.1.10). Transmission electron micrographs of ultramicrotomed sections of 
sputtering-deposited aluminium layer: (i) following deposition, (j) after anodizing at 5    
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Figure (3-6.11). Voltage-time transient for anodizing of sputtering-deposited aluminium   
                   layer at 50 mA/cm2 for 70 s in 24.5 % sulphuric acid at 0 0C. 
Figure (3-6.1.12). Transmission electron micrographs of ultramicrotomed sections of           
sputtering-deposited aluminium layer: (k) following deposition, (l) after anodizing at 50      






















Figure (3-6.13). Voltage-time transient for anodizing of sputtering-deposited aluminium     
                   layer at 5 mA/cm2 for 512 s in 24.5 % sulphuric acid at 20 0C. 
Figure (3-6.1.14). Transmission electron micrographs of ultramicrotomed sections of   
sputtering-deposited aluminium layer: (m) following deposition, (n) after anodizing at 5     























Figure (3-6.15). Voltage-time transient for anodizing of sputtering-deposited aluminium    
                    layer at 50 mA/cm2 for 55 s in 24.5 % sulphuric acid at 20 0C. 
Figure (3-6.1.16). Transmission electron micrographs of ultramicrotomed sections of           
sputtering-deposited aluminium layer: (o) following deposition, (p) after anodizing at 50      




















3-6.2 Calculation of volume expansion factor of oxides based on SEM measurements  
The expansion factors were derived for alumina films formed in 24.5 wt % sulphuric acid 
at various current densities i.e. 5, 10, 20 mA/cm2 for 1000 and 5400 s and at 30, 40 and 
50 mA/cm2 for different anodizing times, i.e. 1000, 3000, 4000 and 5400 s at 0 and 20 
0C, see tables (3-6.2.1) and (3-6.2.2), and figures (3-5.1) to (3-5.7). The expansion factors 
were calculated from the equation:  
Expansion factor = film thickness derived from SEM micrographs “see figures (3-5.1)-(3-
5.6)” / thickness of oxidized aluminium derived from Faraday’s law.  
1- Calculation of thickness of aluminium oxidized, x, by Faraday’s law for anodizing at 
100 % efficiency 
x = J t Mal /z F ρal
where J is the current density (A/cm2), t is the anodizing time (s), Mal is the molecular 
mass of aluminium (27 g), z is number of electrons (3), F is Faraday’s number (96500 C) 
and ρal is the density of aluminium (2.7 g/cm3) 
2- Measurement of the alumina film thickness from SEM micrographs of film cross-
sections prepared by mounting in resin and polishing of specimens. 
   
Tables (3-6.2.1) and (3-6.2.2) show the values for the expansion factor measured from 
the scanning electron micrographs for alumina films formed either at 0 or 20 0C for 
various times and current densities. Table (3-6.2.3) provides the average values of the 


















       5            1000        2.71 ± 0.11    1.72    1.58 ± 0.12 
       5            5400       14.70 ± 0.50    9.32    1.58 ± 0.11 
      10            1000       5.53 ± 0.20    3.45    1.60 ± 0.11 
      10            5400       30.00 ± 0.80   18.65    1.61 ± 0.09 
      20            1000       11.50 ± 0.41    6.90    1.67 ± 0.12 
      20            5400       64.61 ± 1.82   37.30    1.73 ± 0.10 
      30            1000      18.94 ± 0.50    10.36    1.83 ± 0.10 
      30            3000      53.84 ± 1.33    31.08    1.73 ± 0.09 
      30            4000      74.00 ± 1.61    41.45    1.79 ± 0.08 
      30            5400      100.00 ± 2.18    55.95    1.79 ± 0.08 
     40            1000      24.38 ± 1.00    13.81    1.77 ± 0.14 
     40            3000      75.00 ± 2.86    41.45    1.81 ± 0.13 
     40            4000      101.20 ± 3.0    55.26    1.83 ± 0.11 
     40            5400      138.63 ± 4.5    74.61    1.86 ± 0.12 
     50            1000      32.20 ± 0.60    17.27    1.86 ± 0.07 
     50            3000      96.50 ± 2.00    51.81    1.86 ± 0.08 
     50            4000     129.62 ± 4.50    69.08    1.88 ± 0.13 
     50            5400     178.00 ± 4.00    93.26    1.91 ± 0.09 
                 
Table (3-6.2.1). Volume expansion factor for alumina grown at 0 0C derived from 


















      5           1000      2.53 ± 0.10   1.72    1.47 ± 0.12 
      5           5400      13.19 ± 0.21   9.32    1.42 ± 0.05 
     10           1000      5.11 ± 0.12   3.45    1.48 ± 0.07 
     10           5400      27.50 ± 1.5   18.65    1.47 ± 0.16 
     20           1000      10.66 ± 0.20   6.90    1.54 ± 0.06 
     20           5400      55.81 ± 2.10   37.30    1.50 ± 0.11 
     30           1000      16.45 ± 0.22   10.36    1.59 ± 0.04 
     30           3000      50.98 ± 1.30   31.08    1.64 ± 0.08 
     30           4000      65.00 ± 2.00   41.45    1.57 ± 0.10 
     30           5400      87.09 ± 3.30   55.95    1.56 ± 0.12 
     40           1000      22.75 ± 1.20   13.81    1.65 ± 0.17 
     40           3000      66.91 ± 3.20   41.45    1.61 ± 0.15 
     40           4000      88.70 ± 3.00   55.26    1.61 ± 0.11 
     40           5400     118.18 ± 4.20   74.61    1.58 ± 0.11 
     50           1000      29.37 ± 0.65   17.27    1.70 ± 0.08 
     50           3000      85.71 ± 0.74   51.81    1.65 ± 0.03 
     50           4000     114.28 ± 2.31   69.08    1.65 ± 0.07 
     50           5400     153.57 ± 3.45   93.26    1.65 ± 0.07 
Table (3-6.2.2). Volume expansion factor for alumina grown at 20 0C determined from 
measurements of film thickness by SEM. 
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Table (3-6.2.3). Average of volume expansion factor of films formed at 0 and 20 0C for a 
given current density derived from SEM. 
Tables (3-6.1.3) and (3-6.2.3) show that the difference in the average volume expansion 
factor for films formed on electropolished aluminum substrates at 5 mA/cm2 at 20 0C 
(1.45) and at 50 at 0 0C (1.88) are similar to those for sputtering-deposited aluminum 
layers i.e. 1.42 and 1.78 respectively. The values of volume expansion factor for films 
fabricated at 5 mA/cm2 at 0 0C and at 50 mA/cm2 at 20 0C were found to be nearly the 
same.                                                                                                                                                    
Figure (3-6.2.1) shows that the expansion factor for alumina films formed at 30 mA/cm2
and 0 and 20 0C  has no significant dependence on the anodizing time, which reflected in 
figure (3-6.2.2) the film thicknesses increase linearly with time. Figures (3-6.2.3) and (3-
6.2.5) reveal no significant effect of anodizing time on the volume expansion factor for 
films formed at 40 and 50 mA/cm2 at both temperatures. Figures (3-6.2.4) (3-6.2.6) show 
approximately that the film thickness increases linearly with increase in anodizing time 
for alumina films formed at 40 and 50 mA/cm2 at 0 and 20 0C. 
Figure (3-6.2.7) reveals that the expansion factor at 0 0C increases linearly with rise of 
final anodizing voltage for alumina films formed at 5, 10, 20, 30 and 40 mA/cm2 for 5400 
s.  
Current density (mA/cm2) Volume expansion factor at 
0 0C 
Volume expansion factor at 
20 0C 
                  5            1.58 ± 0.12            1.45 ± 0.09 
                 10            1.60 ± 0.10            1.48 ± 0.012 
                 20            1.70 ± 0.11            1.52 ± 0.09 
                 30            1.79 ± 0.09            1.59 ± 0.09 
                 40            1.82 ± 0.13            1.61 ± 0.14 
                 50            1.88 ± 0.09             1.66 ± 0.06 
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Figure (3-6.2.8) shows the average of expansion factor versus current density. The 
average expansion factor for films formed at 50 mA/cm2 increases by 16 % and 13 % 
compared with those fabricated at 5 mA/cm2 at temperatures of 0 and 20 0C respectively. 
Similarly, figure (3-6.2.9) reveals the expansion factor versus current density for films 
formed for an anodizing time of 5400 s. 
In general the trend of the expansion factor in figure (3-6.2.9) is reflected in figures (3-
6.2.10) and (3-6.2.11) which show the increase of film thickness with both current 
density and charge density for alumina films formed at both temperatures (0 and 20 0C). 
Figure (3-6.2.12) reveals that the measured thickness versus predicted thickness follows 
similar trends to the thickness behaviour in figures (3-6.2.10) and (3-6.2.11).  
Figures (3-6.2.13) and (3-6.2.14) show the dependence of the anodizing voltage at 500 s 
and at 1000 s against current density, which reveal a linear dependence on current density 
for alumina films grown at 0 and 20 0C. Moreover, the anodizing voltage at 5400 s 
increases linearly and more rapidly with increasing current density, particularly for 
alumina films formed at 0 0C, as seen in (3-6.2.15).  
Figure (3-6.2.16) reveals that the initial slope of the voltage-time response rises with 
increase of current density. An approximately linear trend is observed between current 
densities of 5 to 40 mA/cm2. However, the increase of the slope between 40 and 50 
mA/cm2 appears to be reduced compared with the trend at lower current densities, at both 
0 and 20 0C. 
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 at 0 oC
 at 20 oC
Figure (3-6.2.2). Thickness versus time for anodic alumina films formed on specimens  
           of high purity Al at 30 mA/cm2 in 24.5 wt % sulphuric acid at 0 and 20 0C. 


















 at 0 oC
 at 20 oC
Figure (3-6.2.1). Volume expansion factor versus time for anodic alumina films formed on specimens  
of high purity Al at 30 mA/cm2 in 24.5 wt % sulphuric acid at 0 and 20 0C determined by SEM. 
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Figure (3-6.2.3). Volume expansion factor versus time for anodic alumina films formed on specimens  
    of high purity Al at 40 mA/cm2 in 24.5 wt  % sulphuric acid at 0 and 20 0C determined by SEM. 


















 at 0 oC
 at 20 oC
Figure (3-6.2.4). Thickness versus time for anodic alumina films formed on specimens  
           of high purity Al at 40 mA/cm2 in 24.5 wt % sulphuric acid at 0 and 20 0C. 








































 at 0 oC
 at 20 oC
Figure (3-6.2.5). Volume expansion factor versus time for anodic alumina films formed on specimens        
    of high purity Al at 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 and 20 0C determined by SEM. 























Figure (3-6.2.6). Thickness versus time for anodic alumina films formed on specimens  
          of high purity Al at 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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 at 0 0C












Figure (3-6.2.7). Volume expansion factor at 5400 s versus anodizing voltage for anodizing for 5400 s at 
each current density (5, 10, 20, 30, 40 and 50 mA/cm2 ) for anodic alumina films formed on specimens of 
                      high purity Al in 24.5 wt % sulphuric acid at 0  and 20 0C determined by SEM. 
Figure (3-6.2.8). Average of expansion factor versus current density for anodizing for 1000, 3000, 4000 and 5400 s  
at each current density (5, 10, 20, 30, 40 and 50 mA/cm2 ) for anodic alumina films formed on specimens of high  
                             purity Al in 24.5 wt % sulphuric acid at 0 and 20 0C determined by SEM. 
































 at 20 oC
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 at 0 oC
 at 20 oC
Figure (3-6.2.9). Volume expansion factor at 5400 s versus current density for anodic alumina films  
formed on specimens of high purity Al in 24.5 wt % sulphuric acid for anodizing time of 5400 s at 0 
                                                    and 20 0C determined by SEM.               
Figure (3-6.2.10). Thickness versus current density for anodic alumina films formed on specimens 
        of high purity Al in 24.5 wt % sulphuric acid for anodizing time of 5400 s at 0 and 20 0C. 
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 at 20 oC
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 at 0 oC
 at 20 oC
Figure (3-6.2.12). Measured thickness versus predicted thickness for anodic alumina films formed on  
specimens of high purity Al in 24.5 wt % sulphuric acid for anodizing time of 5400 s at 0 and 20 0C. 
Figure (3-6.2.11). Thickness versus charge density for anodic alumina films formed on specimens 
       of high purity Al in 24.5 wt % sulphuric acid for anodizing time of 5400 s at 0 and 20 0C. 
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 at 20 oC
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 at 0 oC
 at 20 oC
Figure (3-6.2.13). Anodizing voltage at 500 s versus current density for anodic alumina  
films formed on specimens of high purity Al in 24.5 wt % sulphuric acid at 0 and 20 0C. 































 at 0 oC
 at 20 oC
Figure (3-6.2.14). Anodizing voltage at 1000 s versus current density for anodic alumina  
films formed on specimens of high purity Al in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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 at 0 0C
 at 20 0C

























 at 0 oC
 at 20 oC
Figure (3-6.2.15). Anodizing voltage at 5400 s versus current density for anodic alumina 
films formed on specimens of high purity Al in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (3-6.2.16). Initial slope of voltage-time response versus current density for anodic alumina  
       films formed on specimens of high purity Al in 24.5 wt % sulphuric acid at 0 and 20 0C.  
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3-7 Self-ordering of hexagonal nano pores array arrangements of anodic alumina 
films   
This study was carried out to examine the influence of current density, temperature and 
exposure period to electrolyte on the pore diameter, inter pore distance, porosity, pore 
population density and formation ratios of pores and cells. The outer film region was 
removed by two methods, as described below in sections (3-7.1) and (3-7.2). 
Calculation of pore population density and porosity of films was made as follows: 
1- Pore population density was calculated from the number of pores / unit area. 
The number of pores was counted on SEM micrographs showing a film surface area of 
270 mm x 190 mm. 
2- The porosity of the films was calculated from the pore population density x average 
area of a pore. The pore area was determined from 10 measurements of pore diameter on 
scanning electron micrographs.  
The formation ratios of pore and inter pore distance were sometimes taken at the range 
values associated to increasing anodizing voltage. 
3-7.1 Micrographs of alumina films following removal of the outer surface by a 
diamond knife, with a cutting angle 5-10o, using ultramicrotomy 
In this section, the following alumina films formed at 0 and 20 0C in 24.5 wt % sulphuric 
acid were examined: at 5 mA/cm2 for an anodizing time 1000 s; at 40 mA/cm2 for 200 
and 5400 s; and at 50 mA/cm2 for 200, 1000, 3000, 4000 and 5400 s. Films formed at 20 
mA/cm2 for 5400 s and at 30 mA/cm2 for 200 s were only examined at 0 0C. See tables 
(3-7.1.1) and (3-7.1.2) for a summary of the results of the examinations.  
Figure (3-7.1.1) shows periodic quinquepartite and hexagonal pore array arrangements of 
anodic alumina formed in 24.5 wt % sulphuric acid at 50 mA/cm2 at 0 0C for 200 s. The 
mean pore width of 22 nm, indicates a formation ratio of 0.91 nm/V. The inter pore 
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distance of 60 nm corresponds to a formation ratio of 2.49 nm/V. With 12 % porosity and 
a pore population density of 3.33 x 1014 m-2. 
As seen in figure (3-7.1.2), the self-ordering of hexagonal nanopore arrays improves with 
increase of the anodizing time at a given current density, for alumina films fabricated  
under the same conditions of the film of figure (3-7.1.1) but for a longer time i.e. for 
1000 s. The micrographs show that the respective mean values of pore diameter, inter 
pore distance and pore population density are 23 nm, 63 nm and 3.14 x 1014 m-2, with 
formation ratios of range 0.97 and 2.66 nm/V respectively. 13 % porosity. 
Alumina films formed at 5 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s have 
low self-ordering of nanopores as compared with films formed under the same conditions 
but at 50 mA/cm2. The cell size, pore width, pore population density and porosity are 44 
nm, 15 nm, 5.97 x 1014 m-2 and 10 %. The respective formation ratios of the pore and cell 
are 0.88 and 2.58 nm/V respectively, as in figure (3-7.1.3). 
Figure (3-7.1.4) shows an anodic alumina film grown at 50 mA/cm2 in 24.5 wt % 
sulphuric acid at 20 0C for 1000 s. The porosity slightly increases with temperature to 14 
% compared with 13 % for a film formed at the same conditions but at 0 0C. The 
interpore distance, pore size and pore population density are 47 nm, 18 nm and 5.52 x 
1014 m-2, with respective formation ratios of 2.48 and 1.00 nm /V. 
Figure (3-7.1.5) shows an alumina film formed in 24.5 wt % sulphuric acid at 50 mA/cm2
at 20 0C for 200 s. The pore diameter, inter pore distance, porosity and population density 
of pores are 16 nm, 43 nm, 13 % and 6.65 x 1014 m-2 respectively. The respective 
formation ratios for pore diameter and inter pore distance are 0.86 and 2.32 nm/V. 
Figure (3-7.1.6) reveals disordered nanopores in alumina formed in 24.5 wt % sulphuric 
acid at 5 mA/cm2 at 20 0C for 1000 s, with a small increase in the porosity 11 % 
compared with that of alumina film formed at 5 mA/cm2 at 0 0C. The formation ratios are 
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1.36 nm/V for pore width (11 nm) and 2.70 nm/V for interpore distance (22 nm). The 
pore population density is 12.24 x 1014 m-2
Figure (3-7.1.7) shows an improvement in hexagonal self-ordered nanopores with 
increase in time for alumina formed at 50 mA/cm2 at 0 0C for 3000 s in 24.5 wt % 
sulphuric acid. The porosity, pore diameter and interpore distance are 14 %, 27 nm and 
71 nm respectively. The pore population density is 2.45 x 1014 m-2. The formation ratios 
are 1.13 and 2.97 nm/V for the pore diameter and interpore distance respectively. 
Good self-ordering of pores is obtained in a film fabricated in 24.5 wt % sulphuric acid at 
50 mA/cm2 at 0 0C for 4000 s. Micrographs of figure (3-7.1.8) indicate an increase in 
interpore distance to 74 nm and in pore size to 29 nm giving respective formation ratios 
of 3.10 and 1.21 nm/V. The porosity of 15 % and the pore population density 2.33 x 1014
m
-2
 are lower compared with those for alumina formed under the same formation 
conditions but for 3000 s. 
Micrographs in figure (3-7.1.9) show a decrease in pore population density to 1.62 x 1014
m-2, for alumina formed in 24.5 wt % sulphuric acid at 50 mA/cm2 at 0 0C for 5400 s. The 
interpore distance and the pore diameter, 87 and 36 nm, indicate formation ratios 3.67 
and 1.52 nm/V respectively. The porosity is 17 %. 
The formation ratios of the pore and the interpore distance are 0.74 and 2.40 nm/V 
respectively for alumina formed in 24.5 wt % sulphuric acid at 30 mA/cm2 at 0 0C for 
200 s, as revealed in figure (3-7.1.10). The pore population density is 4.03 x 1014 m-2, 
with 10 % of porosity, and 17 nm pore width and 55 nm interpore distance.  
The alumina film grown in 24.5 wt % sulphuric acid at 40 mA/cm2 at 0 0C for 200 s has 
an inter pore distance 56 nm with a formation ratio of 2.40 nm/V, and pore diameter 19 
nm, with a formation ratio 0.81 nm/V. The porosity is 11 % and the pore population 
density is 3.95 x 1014 m-2, as shown in figure (3-7.1.11). 
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Figure (3-7.1.12) reveals anodic alumina formed at 50 mA/cm2 in 24.5 wt % sulphuric 
acid at 20 0C for 3000 s. The porosity (16 %) is increased compared with that of alumina 
fabricated under the same conditions but at 0 0C. The respective values of 21 nm, 49 nm 
and 4.84 x 10 14 m-2 are determined for the pore diameter, the interpore distance and the 
pore population density. The pore formation ratio and proportionality constant of 
interpore distance are 1.12 nm/V and 2.62 nm/V respectively. 
Micrographs in figure (3-7.1.13) reveal increase in pore density (5.10 x 1014 m-2) for 
alumina formed in 50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 4000 s as 
compared with that of alumina grown under the same conditions but for 3000 s. The pore 
diameter and interpore distance are 21 nm and 45 nm, with formation ratios of 1.14  
nm/V and 2.43 nm/V respectively. The porosity of 18 %. 
Figure (3-7.1.14) shows that the pore formation ratio is 1.24 nm/V and the formation 
ratio of interpore distance is 2.63 nm/V, for alumina film formed at 50 mA/cm2 for 5400 
s in 24.5 wt % sulphuric acid at 20 0C. The pore diameter, inter pore distance, the 
porosity and the pore population density are 23 nm, 49 nm, 21% and 5.20 x 1014 m-2 
respectively.  
Figure (3-7.1.15) shows an alumina film formed at 40 mA/cm2 in 24.5 wt % sulphuric 
acid at 20 0C for 200 s revealing a pore diameter 17 nm, with a formation ratio of 0.94 
nm/V, and an interpore distance 45 nm with a proportionality constant of inter pore 
distance of 2.49 nm/V. The pore population density is 6.09 x 1014 m-2 and the porosity is 
13 %. 
An alumina film formed at 40 mA/cm2 for 5400 s at 20 0C in 24.5 wt % sulphuric acid, as 
in figure (3-7.1.16), has a pore population density of 5.78 x 1014 m-2; the porosity is 19 %. 
The pore diameter of 20 nm corresponds to a formation ratio of 1.10 nm/V and the 
interpore distance of 46 nm, to a formation ratio of 2.53 nm/V. 
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Figure (3-7.1.17) shows a porous film with highly self-ordered arrays of pores formed at 
40 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0 0C, with respective values of 3.16 
x 1014 m-2, 16 %, 25 nm and 57 nm of the pore population density, the porosity, the pore 
diameter and cell size. The formation ratios of pores is 1.06 nm/V and of inter pore 
distance is 2.42 nm/V. 
Figure (3-7.1.18) shows an alumina film fabricated at 20 mA/cm2 for 5400 s at 0 0C in 
24.5 wt % sulphuric acid. This porous film has a pore population density of 4.63 x 1014
m
-2
, a porosity of 13 %, a pore diameter of 19 nm and cell size of 52 nm, with formation  
ratios of 0.88 nm/V and 2.40 nm/V respectively. Tables (3-7.1.1) and (3-7.1.2) summary 
the porosity, pore population density, pore and cell diameters and formation ratios of pore 






























       5      1000      17.0   15 ± 5  44 ± 6       0.88     2.58 5.97 x 
1014
    10 
      20      5400     21.7  19 ± 5  52 ± 5       0.88     2.40 4.63 x 
1014
     13 
      30      200     22.9  17 ± 6  55 ± 8       0.74     2.40 4.03 x 
1014
     10 
      40      200     23.4  19 ± 5  56 ± 6       0.81     2.40 3.95 x 
1014
    11 
      40     5400     23.5  25 ± 6  57 ± 5       1.06     2.42 3.16 x 
1014
    16 
      50      200      24.1  22 ± 5  60 ± 6       0.91     2.49 3.33 x 
1014
    12 
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      50     1000     23.7  23 ± 4  63 ± 5      0.97      2.66 3.14 x 
1014
    13 
      50     3000     23.9  27 ± 3  71 ± 4      1.13      2.97 2.45 x 
1014
    14 
      50     4000     23.9  29 ± 5  74 ± 5      1.21      3.10 2.33 x 
1014
    15 
      50     5400     23.7  36 ± 3  87 ± 2      1.52      3.67 1.62 x 
1014
    17 
Table (3-7.1.1) Pore and cell diameters, formation ratios of pores diameter and cells size, 






























       5     1000       8.1   11 ± 6   22 ± 8      1.36      2.70 12.24 x 
1014
    11 
      40     200     18.1  17 ± 6  45 ± 7      0.94      2.49 6.09 x 
1014
    13 
      40     5400    18.2  20 ± 6  46 ± 6      1.10      2.53 5.78 x 
1014
    19 
      50     200     18.5  16 ± 4  43 ± 6       0.86      2.32 6.65 x 
1014
    13 
      50     1000     18.9  18 ± 5  47 ± 6       1.00      2.48 5.52 x 
1014
    14 
     50     3000     18.7  21 ± 6  49 ± 5       1.12      2.62 4.84 x 
1014
    16 
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     50     4000     18.5  21 ± 6  45 ± 7       1.14     2.43 5.10 x 
1014
    18 
     50     5400     18.6  23 ± 5  49 ± 5       1.24     2.63 5.20 x 
1014
    21 
Table (3-7.1.2). Pore and cell diameters, formation ratios of pores and cells, pore 
population density and porosity for films formed at 20 0C.  
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200 nm 200 nm
200 nm
200 nm 200 nm
200 nm
Figure (3-7.1.1). Scanning electron micrographs of the alumina film formed at 
50 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 200 s after removing the 
outer surface using a diamond knife. 
Figure (3-7.1.2). Scanning electron micrographs of the alumina film formed at 50 
mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s after removing the outer 
surface using a diamond knife.                                                                                      
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Figure (3-7.1.3). Scanning electron micrographs of the alumina film formed at 
5 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s after removing the 
outer surface using a diamond knife.                                                                          
Figure (3-7.1.4). Scanning electron micrographs of the alumina film formed at 
50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 1000 s after removing the 
outer surface using a diamond knife.                                                                          
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100 nm 100 nm
200 nm 200 nm
100 nm 100 nm
100 nm
Figure (3-7.1.5). Scanning electron micrographs of the alumina film formed at 50 
mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 200 s after removing the outer 
surface a using diamond knife.                                                                                                       
Figure (3-7.1.6). Scanning electron micrographs of the alumina film formed at 
5 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 1000 s after removing the 
outer surface using a diamond knife.                                                                                   
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200 nm 200 nm
200 nm 200 nm
200 nm 200 nm
200 nm 200 nm
Figure (3-7.1.7). Scanning electron micrographs of the alumina film formed at 50 
mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 3000 s after removing the outer 
surface using a diamond knife.                                                                                                    
Figure (3-7.1.8). Scanning electron micrographs of the alumina film formed at 
50 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 4000 s after removing the 
outer surface using a diamond knife.                                                                                      
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200 nm 200 nm
200 nm 200 nm
200 nm 200 nm
100 nm 200 nm
Figure (3-7.1.9). Scanning electron micrographs of the alumina film formed at 50 
mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s after removing the outer 
surface using a diamond knife. 
Figure (3-7.1.10). Scanning electron micrographs of the alumina film formed at 30 
mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 200 s after removing the outer 
surface using a diamond knife.                                                                                                     
226
100 nm 200 nm
100 nm 200 nm
200 nm 200 nm
200 nm 200 nm
Figure (3-7.1.11). Scanning electron micrographs of the alumina film formed at 
40 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 200 s after removing the outer 
surface using a diamond knife.                                                                                                    
Figure (3-7.1.12). Scanning electron micrographs of the alumina film formed at 
50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 3000 s after removing the 
outer surface using a diamond knife. 
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200 nm 200 nm
Figure (3-7.1.13). Scanning electron micrographs of the alumina film formed at 
50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 4000 s after removing the 
outer surface using a diamond knife.                                                                                                     
Figure (3-7.1.14). Scanning electron micrographs of the alumina film formed at 
50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s after removing the 
outer surface using a diamond knife.                                                                                  
200 nm 200 nm
200 nm 200 nm
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200 nm 200 nm
200 nm 200 nm
200 nm
Figure (3-7.1.15). Scanning electron micrographs of the alumina film formed at 
40 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 200 s after removing the 
outer surface using a diamond knife.                                                                                                     
Figure (3-7.1.16). Scanning electron micrographs of the alumina film formed at 
40 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s after removing the 
outer surface using a diamond knife.                                                                                   
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200 nm 200 nm
200 nm 200 nm
100 nm 200 nm
200 nm
Figure (3-7.1.17). Scanning electron micrographs of the alumina film formed at 
40 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s after removing the 
outer surface using a diamond knife.                                                                                                     
Figure (3-7.1.18). Scanning electron micrographs of the alumina film formed at 
20 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 5400 s after removing the 
outer surface using a diamond knife.                                                                                    
230
3-7.2 Micrographs of the outer surface of alumina films following chemical 
dissolution
The study was carried out for alumina films fabricated in 24.5 wt % sulphuric acid at 0 0C 
at 5, 20, 30, 40 and 50 mA/cm2 for an anodizing time of 5400 s and at 40 mA/cm2 for 
times of anodizing 3000 and 4000 s, and at 50 mA/cm2 for an anodizing time of 3000 s. 
Examinations were also carried out for alumina films formed at 20 0C at 20, 30, 40 and 
50 mA/cm2 for 5400 s and at 40 mA/cm2 for  anodizing times of 3000 and 4000 s and at 
50 mA/cm2 for 4000 s.  See tables (3-7.2.1) and (3-7.2.2).  
Figure (3-7.2.1) shows low self-ordering of hexagonal nanopore arrays in an alumina film 
formed at 5 mA/cm2 for 5400 s at 0 0C. The respective values of pore and cell diameter 
are 20 nm and 43 nm, giving formation ratios of 1.18 and 2.53 nm/V. The porosity of the 
film is 19 %, with a pore population density of 6.06 x 1014 m-2.  
Figure (3-7.2.2) shows the improved self-ordered hexagonal nanopore arrays for an 
alumina film formed at 20 mA/cm2 at 0 0C for 5400 s, which increases with increase of 
current density as compared with alumina formed at the lower current density of 5 
mA/cm2. The alumina film has a porosity of 30 %, a pore population density of 3.58 x 
1014 m-2; the respective values of the pore diameter and interpore distance are 33 nm and 
52 nm, corresponding to formation ratios in the range of 1.41-1.46 and 2.22-2.31 nm/V 
respectively. The domain size of ordered pores is 1500-1900 nm.  
Figure (3-7.2.3) shows a pore population density of 3.23 x 1014 m-2, pore size 35 nm and 
interpore distance of 63 nm, with respective values of formation ratios of range 1.22-1.36 
and 2.21-2.45 nm/V, for an alumina film fabricated at 30 mA/cm2 for 5400 s at 0 0C. The 
self-order of the hexagonal nanopore array increases further with  further increase of the 
current density. The domain size of self-ordered pores is 2161 nm.  
Figure (3-7.2.4) reveals a well-ordered hexagonal nanopore array of an alumina film 
grown at 40 mA/cm2 for 3000 s at 0 0C. The diameters of pores and cells are 33 and 62 
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nm, with respective formation ratios in the range 1.13-1.23 and 2.14-2.32 nm/V. The 
domain size of ordered nanopores is 991-1740 nm. The pore population density is 3.00 x 
1014 m-2 and the porosity is 25 %. 
Figure (3-7.2.5) shows a highly self-ordered hexagonal nanopore array of an alumina film 
formed under the same conditions of figure (3-7.2.4), but for a longer time of anodizing 
(4000 s), The pore population density is reduced to 2.33 x 1014 m-2 and the pore and inter 
pore distance of 38 and 71 nm respectively are increased compared with an alumina film 
grown under the same conditions but for 3000 s. The porosity of the film is 26 %. The 
formation ratios of pores and inter pore distance are in range 1.27-1.35 and 2.37-2.53 
nm/V respectively, with domain size is 2000 nm. 
Figure (3-7.2.6) shows an alumina film formed at 40 mA/cm2 at 0 0C, with an increased 
time of anodizing (5400 s). The domain size of self-ordering of hexagonal nanpores is 
2525 nm. The film reveals an increase in porosity to 33 % and pore and cell size of 48 
and 74 nm respectively, with a reduction in pore density to 1.82 x 1014 m-2 compared with 
alumina formed under the same conditions but for shorter anodizing times of 3000 and 
4000s. The formation ratios are 1.40-1.60 and 2.16-2.47 nm/V for pore and inter pore 
distance respectively.   
Figure (3-7.2.7) reveals good self-ordering of hexagonal nanopore arrays in an alumina 
film formed at 50 mA/cm2 for 3000 s at 0 0C. The pore diameter of 37 nm and inter pore 
distance of 68 nm correspond to ratios in range 1.19-1.28 and 2.19-2.34 nm/V 
respectively. The pore population density is 2.41 x 1014 m-2, with domain size 1855 nm 
and porosity 26 %. 
Figure (3-7.2.8) reveals that self-ordering of hexagonal nanopore arrays improves with 
rise of anodizing time at a given current density for an alumina film fabricated at 50 
mA/cm2 for 5400 s at 0 0C. The micrographs show uniform diameters for pores and cells 
of 50 and 75 nm respectively. The respective formation ratios of pores and cells are in the 
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range 1.58-1.23 and 1.84-2.37 nm/V and the population density of pores is 2.08 x 1014 m-
2
, with a domain size 2550 nm and porosity of 41 %. 
Figure (3-7.2.9) shows that the ordering of hexagonal nanopore arrays in an alumina film 
grown at 20 mA/cm2 for 5400 s at 20 0C is low compared to alumina formed under 
similar conditions but at 0 0C. The pore size and inter pore distance are 25 and 44 nm, 
with formation ratios of 1.69 and 2.97 nm/V respectively. The increase of temperature 
leads to a relatively high porosity of 33 %, with a high pore population density of 6.55 x 
1014 m-2. 
Figure (3-7.2.10) shows an alumina film formed at 30 mA/cm2 for 5400 s at 20 0C, with a 
small improvement in self-ordering of hexagonal nanopore arrays with increase of 
current density. The pore diameter of 28 nm and the cell diameter of 41 nm correspond to 
formation ratios of 1.66 and 2.43 nm/V respectively. The pore population density and 
porosity increase with increase of current density to 5.37 x 1014 m-2 and 34 % 
respectively. 
Figure (3-7.2.11) presents an alumina film formed at 40 mA/cm2 for 3000 s at 20 0C; the 
pore diameter of 26 nm corresponds to a formation ratio of 1.33-1.38 nm/V while the 
inter pore distance 46 nm corresponds to a formation ratio of 2.35-2.45 nm/V. The 
porosity increases with rise in temperature, to 28 %, as compared with 25 % for alumina 
film formed under similar conditions but at 0 0C. The pore population density is 5.31 x 
1014 m-2. 
Figure (3-7.2.12) reveals an increase of porosity to 30 %, pore diameter to 31 nm, inter 
pore distance to 47 nm for alumina film fabricated at 40 mA/cm2 for 4000 s at 20 0C 
compared with values for alumina film grown under similar anodizing conditions but for 
shorter time of anodizing (3000 s).The formation ratios of pores and inter pore distance 
are in the 1.53-1.62 and 2.33-2.46 nm/V respectively, and pore population density of 3.88 
x 1014 m-2. 
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Figure (3-7.2.13) reveals an alumina film formed at 40 mA/cm2 for 5400 s at 20 0C, with 
a relatively low pore population density of 3.21 x 1014 m-2 and a high porosity of 35 % 
compared with those of alumina films formed under similar anodizing conditions, but for 
shorter anodizing times (3000 and 4000 s). The pore diameter and inter pore distance are 
38 nm and 58 nm, with formation ratios of 1.48-1.84 and 2.27-2.80 nm/V respectively. 
Figure (3-7.2.14) shows an alumina film grown at 50 mA/cm2 for 4000 s at 20 0C. The 
formation ratios are in range 1.40-1.78 and 2.28-2.90 nm/V. with a pore diameter of 38 
nm and an inter pore distance of 62 nm respectively. The porosity is 31 % and the pore 
population density is 2.64 x 1014 m-2. 
Figure (3-7.2.15) shows highly self-ordered hexagonal nanopore arrays in an alumina 
film formed at 50 mA/cm2 for 5400 s at 20 0C. A high uniform pore diameter of 52 nm 
and inter pore distance of 70 nm indicate respective formation ratios of range 1.73-2.06 
and 2.33-2.78 nm/V,  with a porosity of 54 %, that increases with rise of film thickness. 
However, the pore population density of 2.54 x 1014 m-2 decreases with increase of film 
thickness as compared with that of film formed under similar anodizing conditions but 
for shorter anodizing time, namely, 4000 s (see figure 3-7.2.14). The domain size of self-
ordered  nanopores is 1733 nm.   
The pore diameter, inter pore distance, the formation ratios for pore, inter pore distance, 
the porosity and pore population density of alumina films grown at 0 and 20 0C are 
































      5     5400     17.0  20 ± 2  43 ± 2      1.18      2.53 6.06 x 
1014
   19 
      20     5400  22.5-23.4   33 ± 1   52 ± 1 1.41-1.46 2.22-2.31 3.58 x 
1014
    30 
      30     5400 25.7-28.5     35       63 1.22-1.36 2.21-2.45 3.23 x 
1014
    31 
      40     3000 26.7-29.0     33      62 1.13-1.23 2.14-2.32 3.00 x 
1014
    25 
      40     4000 28.1-30.0     38      71 1.27-1.35 2.37-2.53 2.33 x 
1014
    26 
      40     5400  30.0-34.3     48     74 1.40-1.60 2.16-2.47 1.82 x 
1014
   33 
      50    3000 29.0-31.0     37     68 1.19-1.28 2.19-2.34 2.41 x 
1014
    26 
      50     5400 31.6-40.8     50     75 1.58-1.23 1.84-2.37 2.08 x 
1014
    41 
Table (3-7.2.1). Pore diameter, interpore distance, pore population density, formation 
































      20     5400     14.8   25 ± 4  44 ± 4     1.69     2.97 6.55 x 
1014
    33 
      30     5400      16.9   28 ± 3   41 ± 2       1.66      2.43 5.37 x 
1014
     34 
      40     3000 18.8-19.6 26 ± 4 46 ± 2 1.33-1.38 2.35-2.45 5.31 x 
1014
    28 
     40     4000 19.1-20.2 31 ± 5 47 ± 6 1.53-1.62 2.33-2.46 3.88 x 
1014
    30 
     40     5400 20.7-25.6 38 ± 7 58 ± 6 1.48-1.84 2.27-2.80 3.21 x 
1014
    35 
     50     4000 21.4-27.2 38 ± 4 62 ± 4 1.40-1.78 2.28-2.90 2.64 x 
1014
    31 
     50     5400 25.2-30.0     52     70 1.73-2.06 2.33-2.78 2.54 x 
1014
    54 
Table (3-7.2.2). Pore diameter, interpore distance, pore population density, formation 
ratios and porosity of films formed at 20 0C.  
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200 nm 100 nm
200 nm 200 nm
200 nm100 nm
Figure (3-7.2.1). Scanning electron micrographs of the alumina film formed at 5 mA/cm2 in 24.5 
wt % sulphuric acid at 0 0C for 5400 s after removing the outer surface by chemical dissolution.                     
Figure (3-7.2.2). Scanning electron micrographs of the alumina film formed at 20 mA/cm2 in 24.5   
wt % sulphuric acid at 0 0C for 5400 s after removing the outer surface by chemical dissolution.                           
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200 nm 1 µm
200 nm 200 nm
200 nm 200 nm
100 nm 200 nm
Figure (3-7.2.3). Scanning electron micrographs of the alumina film formed at 30 mA/cm2 in 24.5  
wt % sulphuric acid at 0 0C for 5400 s after removing the outer surface by chemical dissolution.                   
Figure (3-7.2.4). Scanning electron micrographs of the alumina film formed at 40 mA/cm2 in 24.5 
wt % sulphuric acid at 0 0C for 3000 s after removing the outer surface by chemical dissolution.                                
.        
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200 nm 300 nm
200 nm200 nm
200 nm 200 nm
200 nm 200 nm
Figure (3-7.2.5). Scanning electron micrographs of the alumina film formed at 40 mA/cm2 in 24.5 
wt % sulphuric acid at 0 0C for 4000 s after removing the outer surface by chemical dissolution.                    
.         
Figure (3-7.2.6). Scanning electron micrographs of the alumina film formed at 40 mA/cm2 in 24.5 
 wt % sulphuric acid at 0 0C for 5400 s after removing the outer surface by chemical dissolution.                       
239
200 nm 200 nm
Figure (3-7.2.7). Scanning electron micrographs of the alumina film formed at 50 mA/cm2 in 24.5 
wt % sulphuric acid at 0 0C for 3000 s after removing the outer surface by chemical dissolution.                    
.         
200 nm 200 nm
200 nm 200 nm
Figure (3-7.2.8). Scanning electron micrographs of the alumina film formed at 50 mA/cm2 in 24.5 
wt % sulphuric acid at 0 0C for 5400 s after removing the outer surface by chemical dissolution.                        
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200 nm 100 nm
100 nm
100 nm 200 nm
200 nm
Figure (3-7.2.9). Scanning electron micrographs of the alumina film formed at 20 mA/cm2 in 24.5 
wt % sulphuric acid at 20 0C for 5400 s after removing the outer surface by chemical dissolution.                   
Figure (3-7.2.10). Scanning electron micrographs of the alumina film formed at 30 mA/cm2 in 24.5 
 wt % sulphuric acid at 20 0C for 5400 s after removing the outer surface by chemical dissolution.                                       
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200 nm 200 nm
200 nm 200 nm
200 nm 200 nm
Figure (3-7.2.11). Scanning electron micrographs of the alumina film formed at 40 mA/cm2 in 24.5 
wt % sulphuric acid at 20 0C for 3000 s after removing the outer surface by chemical dissolution.                  
.        
Figure (3-7.2.12). Scanning electron micrographs of the alumina film formed at 40 mA/cm2 in 24.5 
wt % sulphuric acid at 20 0C for 4000 s after removing the outer surface by chemical dissolution.                    
.        
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200 nm 200 nm
Figure (3-7.2.13). Scanning electron micrographs of the alumina film formed at 40 mA/cm2 in 24.5 
wt % sulphuric acid at 20 0C for 5400 s after removing the outer surface by chemical dissolution.                    
.        
200 nm 200 nm
Figure (3-7.2.14). Scanning electron micrographs of the alumina film formed at 50 mA/cm2 in 24.5 
 wt % sulphuric acid at 20 0C for 4000 s after removing the outer surface by chemical dissolution.         
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200 nm 300 nm
200 nm 200 nm
Figure (3-7.2.15). Scanning electron micrographs of the alumina film formed at 50 mA/cm2 in 24.5 
wt % sulphuric acid at 20 0C for 5400 s after removing the outer surface by chemical dissolution.                    
.        
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3-8 Reanodizing 
The reanodizing (pore-filling) method has been used in previous work for porosity 
measurement in porous anodic alumina films. Debuyck et al[279] made several 
experiments in 15 wt % sulphuric acid to study the effect of the anodizing voltage and 
temperature on the alumina porosity. They provided an equation to determine the 
porosity from the anodizing behaviour during re-anodizing of the films in an electrolyte 
in which a barrier film is formed. 
In the present work, electropolished high purity aluminium was anodized firstly in 24.5 
wt % sulphuric acid at different current densities, namely 5,10, 20, 30, 40 and 50 
mA/cm2, for 1000 s at 0 and 20 0C, giving voltage-time responses as shown in figures (3-
8.1) – (3-8.12). After drying the specimens under a cool air stream, the specimens were 
re-anodized in 0.1 M ammonium pentaborate electrolyte at a constant current density, i.e. 
5 mA/cm2, at 20 0C until the anodizing voltage reached 360 V, as shown in figures (3-
8.13) – (3-8.24). The reanodizing results in thickening of the barrier layer and partial 
filling of the pores of the pre-existing porous film. Separate electropoloshed specimens 
were anodized only in 0.1 M ammonium pentaborate at 5 mA/cm2 at 20 0C until 150 V 
forming barrier-type films at high efficiency to determine the slope “m2” of the voltage-
time response, see figure (3-8.25). 
As seen in figure (3-8.26), the voltage-time transient comprises a voltage jump which is 
due to the resistance of the barrier layer of the pre-existing porous film formed in 15 wt 
% sulphuric acid, and the subsequent linear voltage rise with slope m1 which results from 
the filling of the pores. The time of reanodizing was too short and the porous film too 
thick to fill the pores completely, and hence the slope does not change, which would 
occur if the pores were fully filled and uniform barrier-type film growth proceeded.  
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3-8.1 Calculation of the porosity 
The porosity Pre is determined from the equation  
Pre = TAl3+(m2/m1) / 1-(1- TAl3+)(m2/m1) 
Pre = 0.4β / 1-(1- 0.4)(β) 
Pre = 0.4β / (1-0.6β)                           (1) 
where β = m2/m1 
m2  is the slope associated with the growth of barrier layer on electropolished aluminium 
in 0.1 M ammonium pentaborate at 5 mA/cm2 at 20 0C (2.194 V/s), see figure (3-8.25). 
m1 represents the slope during the pore filling in reanodizing. Its value depends on the 
porosity of the pre-existing of the porous films. The films formed at 30, 40 and 50 
mA/cm2 at 0 0C for 1000 s contain nodules, see tables (3-8.1.1) and (3-8.1.2).  
TAl3+ is the transport number of Al3+ ions in amorphous anodic alumina and is equal to 
0.40[279]
The porosity can be measured by substituting the values of the transport number of 
aluminium ions and the slopes into equation (1); the values of porosity are listed in tables 
(3-8.1.1) and (3-8.1.2). 
3-8.2 Calculation of the anodizing efficiency
The expansion factor for a porous film in which pores develop by a flow model is 
dependent on the Pilling-Bedworth ratio (PBR), efficiency of film growth and the 
porosity of the film. The PBR of amorphous anodic alumina of density[31] 3.1 g/cm3, 
designated  rox, is equal to1.645. However, the incorporation of electrolyte species such 
as sulphate can change the PBR by a factor k, which is associated with the magnitude and 
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type of incorporated species. The ratio of film thickness to that of the consumed 
aluminium for growth of a barrier-type film with negligible loss of aluminium ions to the 
electrolyte is:  
Fm = k rox                        (1) 
where Fm  is the expansion factor, k is factor is relating to the influence of incorporated 
species and rox is the PBR 
If the efficiency of the film growth, ε, is decreased due to loss of aluminium species to 
the electrolyte  
Fm = k rox ε                        (2) 
If the barrier layer region of the porous film is very thin compared with that of the porous 
region, a volume of film material is added to the film thickness which is equal to that of 
the material displaced by flow 
Fm = k rox ε/(1-po)                        (3) 
where the porosity po = p2/c2 and p and c are pore and cell diameters respectively. The 
film porosity is therefore given by the equation 
po = 1-[ k rox ε/ Fm]                    (4) 
Using k = 1.1[199] and rox = 1.645, the efficiency (ε) was calculated for films formed at 
different current densities, namely 5, 10, 20, 30, 40 and 50 mA/cm2 for 1000 s at 0 and 20 
0C.  
In the present study, the porosity determined from reanodizing experiments “Pre” was 
used in equation (4) to calculate the efficiency of the anodizing; and Fm was derived from 
film thickness measured from SEM micrographs. The results are summarized in tables 
(3-8.1.1) and (3-8.1.2). 
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   m2  
  (V/s) 
m2/m1  Pre %    Fm        ε % Nodules 
presence 
     5   1000  8.591  2.194 0.25539  12.06  1.47 ±  
 0.12 
   71 ± 11      no 
     10   1000  8.693  2.194 0.25236  11.89  1.48 ± 
 0.07 
    72 ± 7      no 
     20   1000  8.660  2.194 0.25334  11.95  1.54 ±  
 0.06 
    75 ± 6       no 
    30   1000  8.281  2.194 0.26493  12.60  1.59 ±  
 0.04 








   m2  
(V/s) 
m2/m1  Pre %    Fm       ε % Nodules 
presence 
      5   1000  10.244  2.194 0.21416   9.82  1.58 ±  
 0.12 
  79 ± 12      no  
     10   1000  10.094  2.194 0.21733   9.99  1.60 ±  
 0.11 
   80 ± 11      no 
     20   1000  9.864  2.194 0.22242  10.26  1.67 ±  
 0.12 
   83 ± 12      no 
    30   1000  9.661  2.194 0.22707  10.51  1.83 ±  
 0.10 
  90 ± 10      yes 
    40   1000  8.327  2.194 0.26346   12.51  1.77 ±  
 0.14 
  85 ± 14     yes 
    50   1000  6.384  2.194 0.34366   17.31  1.86 ±  
 0.07 
  85 ± 7     yes 
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    40   1000  6.634  2.194 0.33071  16.50  1.65 ±  
 0.17 
    76 ± 16       no 
    50   1000  5.857  2.194 0.37453  19.32  1.70 ±    
 0.08 
     76 ± 8      no 
                      
                        Table (3-8.1.2). Values of porosity and efficiency at 20 0C 
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Figure (3-8.1). Voltage-time transients for anodizing of high purity Al at 5  
                   mA/cm2 for 1000 s in 24.5 wt % sulphuric acid at 0 0C. 
Figure (3-8.2). Voltage-time transients for anodizing of high purity Al at 10 










































Figure (3-8.3). Voltage-time transients for anodizing of high purity Al at 20 





















Figure (3-8.4). Voltage-time transients for anodizing of high purity Al at 30 


























Figure (3-8.5). Voltage-time transients for anodizing of high purity Al at 40 
                   mA/cm2 for 1000 s in 24.5 wt % sulphuric acid at 0 0C. 
Figure (3-8.6). Voltage-time transients for anodizing of high purity Al at 50 














































Figure (3-8.7). Voltage-time transients for anodizing of high purity Al at 5  





























Figure (3-8.8). Voltage-time transients for anodizing of high purity Al at 10 





















Figure (3-8.9). Voltage-time transients for anodizing of high purity Al at 20 


















Figure (3-8.10). Voltage-time transients for anodizing of high purity Al at 30  



















Figure (3-8.11). Voltage-time transients for anodizing of high purity Al at 40  




















Figure (3-8.12). Voltage-time transients for anodizing of high purity Al at 50  
















































Figure (3-8.13). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 
                        at 5 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s. 
Figure (3-8.14). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 













































Figure (3-8.15). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 
                        at 20 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C for 1000 s. 
Figure (3-8.16). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 













































Figure (3-8.17). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 






















Figure (3-8.18). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 


























Figure (3-8.19). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 





















Figure (3-8.20). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 






















Figure (3-8.21). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 





















Figure (3-8.22). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 






















Figure (3-8.23). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 























Figure (3-8.24). Voltage-time responses for reanodizing in 0.1 M ammonium pentaborate at 
 5 mA/cm2 at 20 0C until the anodizing voltage reaches 360 V for specimens pre-anodized 





















Figure (3-8.26). Voltage-time responses during reanodizing in a boric acid solution at constant  




















Figure (3-8.25). Voltage-time responses for anodizing a specimen of high purity aluminium in  
0.1 M ammonium pentaborate at 5 mA/cm2 at 20 0C until the anodizing voltage reaches 150 V.  
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3-9 Determination of the film composition from Rutherford backscattering 
spectroscopy and the efficiency of anodizing from nuclear reaction analysis.
The study carried out in this section was for the purpose of determining  the composition 
of the alumina films formed on sputtering-deposited aluminium in 24.5 wt % sulphuric 
acid at 5, 10, 20, 30, 40 and 50 mA/cm2 for respective times of anodizing 500, 250, 125, 
83, 63 and 54 s at 0 0C. Similar measurements were also made for the films formed at 5 
and 50 mA/cm2, for times of anodizing of 500 and 50 s respectively, at an increased 
temperature of 20 0C.    
i- Batch “1” 
The RBS spectra of figures (3-9.1)(a-h) reveal yields for aluminium, oxygen and sulphur 
atoms in the anodic films. Fitting of the experimental data was achieved using a film 
composition of Al2O3.x Al2(SO4)3.with x values listed in table (3-9.5). The figures show 
three edges, each edge corresponds to scattering of the alpha particles from the surface of 
the film. Scattering is evident from sulphur, aluminium and oxygen species at film 
surface and within the film. The anodic films are too thick to detect the scattering from 
the aluminium substrate.   
Figure (3-9.2) shows that the sulphur in the range 0.056-0.063 wt % in films formed at 0 
0C. The results suggest an increase in sulphur content with increase in the current density 
between 5 to 30 mA/cm2, and after that a relatively constant sulphur content between 30 
to 50 mA/cm2. Figure (3-9.2) also reveals that sulphur contents of films formed at 20 0C 
increase by 20 % from 5 to 50 mA/cm2. Figure (3-9.3) shows that the sulphur content 
decreases by 15 % for films formed at 5 mA/cm2 with increase of temperature from 0 to 
20 0C. However, the sulphur contents are similar for films formed at 50 mA/cm2 at 0 and 
20 0C, as shown in figure (3-9.3).  
Measurement of the oxygen content in films was made by nuclear analysis using the 
O16(d,p1)O17 reaction with a deuteron energy of 870 keV. Figure (3-9.4) shows a 
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schematic diagram of the passage of the deuteron beam through the layers of a specimen 
during the nuclear reaction analysis. The amount of O16 can be determined by counting 
the protons emitted from the specimen on bombardment with the deuterons. The absolute 
amounts of isotopic oxygen in a relatively thin target can be determined by comparison 
with thin oxide standards of known oxygen content, such as Ta2O5 produced by 
anodizing of  tantalum in an aqueous electrolyte.  
The comparison is usually made using a specimen with an oxide film that is sufficiently 
thin so that the cross-section for the nuclear reaction is constant as the deuteron beam 
penetrates the thickness of the oxide. For the present specimens, the thickness of the 
oxide exceeded the thickness required for a constant cross section. Therefore, a correction 
procedure was necessary to account for the decrease in the cross-section as the beam 
penetrates to the inner part of the film. 
The correction procedure derived the average cross-section for the nuclear reaction in the 
specimen of interest, in comparison with the constant cross-section for the reference 
specimen of anodized tantalum. Correction was also necessary to deduct the yield from 
the oxygen the present in the barrier film on the electropolished and anodized aluminium 
substrate.       
The energy of the deuteron beam at the base of the anodic film Et can be calculated from 
equation :              
            
Et = Eo– Sd t    (keV)   
where Eo is the energy of the incident deuterons (870 keV), Sd is the stopping power of 
the film for the deuterons and t is the thickness of the porous film (µm)                  
a.  Et is calculated from equation (1), using the average stopping power for oxide, Sd
at 870 keV from table (3-9.1), which gives the stopping power of anodic alumina 
of density 2.5 g/cm3 determined from the SRIM program. 
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      Et = 870 – Sd t    (keV)                 1 
                
b.  The average deuteron energy  between 870 keV and Et is then determined and 
hence the average stopping power for the porous anodic oxide Sd, (from graph 3-
9.5) is used, to determine the energy of the deuteron beam at the porous 
oxide/aluminium interface, Et1
c. The cross-section of the nuclear reaction (δ), which depends on the energy of the 
deuterons, is determined from table (3-9.2) to find the ratio [δ/δref]oxide 
            where, δ is average cross-section of the nuclear reaction in the energy interval Eo       
            to Et1 and δref is the average cross-section of the nuclear reaction in the energy  
            range 830-870 keV which applies to the reference specimen of anodized tantalum 
            which has a thin anodic oxide. 
d. The stopping power for the deuteron beam in the sputtering-deposited aluminium, 
Sal, is determined at Et1 from graph (3-9.6), then used to calculate the energy of 
the deuterons at the sputtering-deposited aluminium/barrier film interface, Et2
e. The energy of the deuterons is then calculated at the barrier film/electropolished 
aluminium interface, Et3, using graph (3-9.5) to determine Sd at Et2
f.  The ratio [δ/δref]APB is determined from graph (3-9.7).  
where, δ is the average cross-section of the nuclear reaction in the energy interval 
Et2 to Et3 and δref is the average cross-section of the nuclear reaction in the energy 
range 830-870 keV which applies to the reference specimen of anodized tantalum 
which has a thin anodic oxide. 
g. The equation below is then used to calculate Ycorrected
Ycorrected = {Ytotal – YAPB [δ/δref]APB} / [δ/δref]oxide
Ytota is total proton yield from the oxygen in anodized specimen and YAPB is the average 
value for the specimens before anodizing (6832), which is due mainly to the presence of 
the barrier film on the electropolished aluminium substrate.  
The amount of oxygen in the porous anodic film  Nos in (atom/cm2) is given by 
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Nos  =  (Yos / Yor).( Cr / Cs). Nor
where Yos / Yor is Ycorrected, Cr / Cs is the ratio of charges used for the analysis of the 
reference specimen to that of the porous alumina of the specimen and equal to 10 µC/2 
µC, Nor is the number of oxygen atoms in the film of the reference specimen (689.9 x 
1015 atom/cm2) and Nos is the number of oxygen atoms in the film of the experimental 
specimen (atom/cm2).   
Table (3-9.3) reveals the gross counts and the net counts following deduction of the 
background signal of the oxygen yields from the 16O(d,p1)O17 reaction of the specimen 
and the region of the spectrum used to integrate the oxygen peak. Table (3-9.4) shows the 
energy of the deuterons at the various locations in the specimens and Ycorrected. 
The charge density Q2 (C/cm2) associated with the oxygen in the film is calculated from 
the number of oxygen atoms in the films determined by NRA, electron charge and the 
average charge number associated with the oxygen which depends on the sulphur content 
of the anodic film and is determined from the relation. 
n[(3 + 12x)/(1 + x)] = 6 
in which x is derived from the analysis of the specimen by RBS with the composition of 
the anodic film expressed as Al2O3.x Al2(SO4)3.  
Table (3-9.5) gives the values of x in the formula Al2O3.x Al2(SO4)3 and the amounts of 
S, SO42- and SO3 of the alumina films. Table (3-9.6) provides n, charge and efficiency
Energy of deuteron beam (keV) Sd loss of energy or stopping power (keV/µm)   
for anodic alumina of density 2.5 g/cm3
                     600                                 91.1 
                     650                                 87.5 
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                     700                                 84.2 
                     800                                 78.5 
                     870                                 75.1 
Table (3-9.1). Values of energy of deuteron beam and stopping power calculated using 
SRIM-2006 and SRIM 2008.01 for anodic alumina of density 2.5 g/cm3 and a 
composition of anodic alumina[309] expressed as Al2 O3.x Al2 (SO4)3. 
          Energy of deuteron beam (keV)     Cross-section of nuclear reaction (δ)      
                            (mb/ste) 
                               700                              1.93 
                               710                              2.25 
                               720                              2.62 
                               730                              2.87 
                               740                              3.20 
                               750                             3.46 
                               760                             3.85 
                               770                             4.21 
                               780                             4.45 
                               790                             4.80 
                               800                             4.80 
                               810                             4.79 
                               820                             4.67 
                               830                             4.59 
                               840                             4.48 
                               850                             4.40 
                               860                             4.40 
                               870                             4.38 
                               880                             4.39 
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                               890                             4.44 
                               900                             4.44 
Table (3-9.2). Relationship between deuteron energy and the cross section of the 





Gross counts Net counts*  Region of integration 
 (channel numbers)  
            5          0       52189     51433            77-132 
           50          0       59793     57933            72-131 
            5         20       47561     46136            82-131 
          50         20       54570    52397.5            77-131 
No anodizing          -       7265     6881            83-114 
No anodizing          -       7378     6930            85-112 
No anodizing          -       7571      6933            88-112 
No anodizing          -       7430      6758            85-112 
No anodizing          -       7559      6779            89-112 
No anodizing          -       7427      6790            86-111 
No anodizing          -       7314      6754            88-115 
Reference 
specimen 
         -       26444      24443           109-131
Table (3-9.3). The gross and the net counts (after subtraction of background)* of the 
oxygen and the region prior to anodizing and after anodizing for spectra are shown in 















































    
  5 
  
  0 
  
 870 767.57 730.30 715.47
    
   4.45 
   
2.745 0.616853
    
    4.54 1.0208 4.62547 
x 104
   
 50 
  
  0 
   
 870 753.87 727.66 712.79
    
   4.45 
   
 2.745 0.616853
    
  4.40 0.9901 5.42535 
x 104
  
  5 
   
 20 
   
 870 780.78 746.49 731.82
    
   4.45 
  
  3.176 0.713707
    




   
 20 
  
 870 776.20 741.93 727.21
   
   4.45 
  
  3.035 0.682022
    
   4.57 1.0283 4.64240 
x 104





x in [Al2O3.x 
Al2(SO4)3]  
S wt % SO42- wt % SO3 wt % 
           5           0        0.075  0.056     0.169     0.141 
          10           0        0.077  0.057     0.173     0.144 
          20           0        0.081  0.060     0.179     0.150 
          30           0        0.087  0.063     0.190     0.158 
          40           0        0.087  0.063     0.190     0.158 
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          50           0        0.083  0.061     0.183     0.152 
          5          20        0.062  0.048     0.144     0.120 
          50          20        0.083  0.061     0.183     0.152 






Mean number of 
oxygen atoms in 

















time Q1   
(C/cm2) 
Efficiency 
of film  
formation  
(%) 
       5           0     6527.6 x  
    1015
   1.653 1.728    2.500          69 
      50           0     7656.4 x  
    1015
   1.626 1.994    2.700          74 
      5          20     5662.4 x  
    1015
  1.702 1.543    2.500          62 
     50           20     6551.5 x  
    1015
  1.626 1.706   2.500          68 
             
Table (3-9.6). Values of average charge number for the oxygen, charge density and 
efficiency. 
The efficiency was calculated from the ratio of the charge density associated with the 
oxygen in the film (Q2) to the charge passed during anodizing (Q1). 
Nuclear reaction analysis reveals the main yields due to the presence of the oxygen (O) 
and carbon (C) in the anodic alumina films, as revealed in figure (3-9.8)(a-d). Figure (3-
9.9)(a-b) shows nuclear reaction analysis spectra for sputtering-deposited specimens, i e 
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prior to anodizing, yields are presented due to the oxygen (O) which comes from air 
formed film on the electropolished aluminium, sputtering-deposited aluminium and 
barrier layer formed in ammonium pentaborete, and the carbon (C) from adsorbed 
hydrocarbon.  
Based on NRA results, the efficiency of the film formation was also determined from 
average film expansion, derived by SEM, the oxygen concentration in the film and the 
aluminium concentration in the aluminium substrate C(Al), using the equation below: 
Efficiency = [Fm.C(O). n]/[C(Al).z] 
where, Fm is the average expansion factor, C(O) is the concentration of the oxygen in the 
film, n is average charge numbers of the oxygen, C(Al) is the concentration of the 
aluminium in the metal and z is number of electrons (3) involved in oxidation of the 
aluminium. C(O) is determined from [C(O) = Nos / oxide thickness]. 
The density of the films was calculated also from the oxygen concentrations measured by 
NRA, and the composition determined by RBS. The density of the film increases with an 
increase in current density and decreases with a reduction of electrolyte temperature. 
ρ = [(Mfilm) C(O)]/[(3 + 12(x)) (NA)] 
where, ρ is film density, Mfilm is the molecular weight of the film determined from the 
formula Al2O3.xAl2(SO4)3 and NA is Avogadro’s number (6.022 x 1023). However, the 
efficiency and density of films formed at 10 to 40 mA/cm2 were estimated from the 
oxygen concentration in the films fabricated at 5 and 50 mA/cm2 assuming a linear 
dependence of C(O) on the current density.  
The table below reveals the efficiency of the film formation and the density of the films 


























       5         0      1310  
    ± 40 
  6527.6 
   x 1015
     4.98  
     x 1022
     72   2.72 
     50         0    1493 
    ± 48 
  7656.4  
   x 1015
     5.13  
     x 1022
     87   2.80 
      5        20    1164 
    ± 42 
   5662.4  
    x 1015
     4.86  
     x 1022
     66   2.66 
     50        20    1309 
    ± 45 
   6551.5 
     x1015
     5.00  
     x 1022
     75    2.72 
    10         0        -        -      4.99 
     x 1022
     73    2.72 
    20         0        -        -      5.03 
     x 1022
     77    2.74 
    30         0        -        -      5.06 
     x 1022
     81    2.75 
    40         0        -        -      5.09 
     x 1022
     83    2.77 
        
          Table (3-9.7). The efficiency of the film formation and the density of the films 
ii- Batch “2” 
The RBS spectra for the differing films were fitted using an average film composition of 
Al2O3.x Al2(SO4)3 with x values summarized in table (3-9.8). Figures (3-9.10)(a-h) reveal 
the yields for aluminium, oxygen and sulphur atoms in the anodic films.  
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Table (3-9.8) shows that the sulphur increases with increase of the current density. The 
sulphur for the films formed at 5 mA/cm2 increased with decrease in temperature. 





x in [Al2O3.x 
Al2(SO4)3]  
S wt % SO42- wt % SO3 wt % 
           5        0      0.075    0.056     0.169     0.141 
          10        0      0.075    0.056     0.169     0.141 
          20        0      0.079    0.058     0.176     0.147 
          30        0      0.085    0.062     0.186     0.155 
          40        0      0.087    0.063     0.190     0.158 
          50        0      0.091    0.065     0.196     0.163 
          5       20      0.064    0.049     0.148     0.123 
         50       20      0.089    0.064     0.193     0.161 
             Table (3-9.8). Composition of the films determined from RBS. 
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Figure (3-9.1)(a-h). Experimental and simulated (red line) RBS spectra for specimens of 
high purity aluminium anodized in 24.5 wt % sulphuric acid: a) at 5 mA/cm2 at 0 0C for 
500 s, b) at 50 mA/cm2 at 0 0C for 54 s, c) at 10 mA/cm2 at 0 0C for 250 s, d) at 20 
mA/cm2 at 0 0C for 125 s, e) at 30 mA/cm2 at 0 0C for 83 s, f) at 40 mA/cm2 at 0 0C for   
63 s, g) at 5 mA/cm2 at 20 0C for 500 s and h) at 50 mA/cm2 at 20 0C for 50 s.  
Figure (3-9.2). Dependent of sulphur content on current density for alumina films formed    
on sputtering-deposited high purity Al in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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Figure (3-9.3). Dependent of sulphur content on temperature for alumina films formed on 
sputtering-deposited high purity Al in 24.5 wt % sulphuric acid at 5 and 50 mA/cm2 for 
anodizing times of 500 s and 54 s respectively. 
Figure (3-9.4) shows a schematic diagram of the energy of the deuteron beam in the 
layers of the tested specimen which comprises a porous film, deposited aluminium and 
barrier film during nuclear reaction analysis. Eo is the initial energy of the deuteron beam, 
Et1 is the energy of the deuteron beam at back of the porous anodic film, Et2 is the energy 
of the deuteron beam at back of the sputtering-deposited Al and Et3 is the energy of the        
               deuteron beam at back of the barrier film on electropolished aluminium. 






















 at 5 mA/cm2
 at 50 mA/cm2
Eo Et1 Et2 Et3
oxide barrier layerdeposited Al Al substrate
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 Figure (3-9.5). Stopping power (keV/µm) of anodic alumina of density 2.5 g/cm3 versus 
energy of deuteron beam (keV). 
Figure (3-9.6). Stopping power (keV/µm) of aluminium versus energy of deuteron  
                                                        beam (keV). 













































































Figure (3-9.7). Cross-section of nuclear reaction (δ) (mb/ste) versus energy of  
                                                deuteron beam (keV).                                                                                                                    



































































































































































Figure (3-9.8)(a-d). Experimental nuclear reaction analysis (NRA) spectra for specimens 
of high purity aluminium anodized in 24.5 wt % sulphuric acid: a) at 5 mA/cm2 at 0 0C 
for 500 s, b) at 50 mA/cm2 at 0 0C for 54 s, c) at 5 mA/cm2 at 20 0C for 500 s and d) at 50   
                                                       mA/cm2 at 20 0C for 50 s. 
  
Figure (3-9.9)(a-b). Experimental nuclear reaction analysis (NRA) spectra for sputtering-  
                                         deposited specimens before anodizing. 
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Figure (3-9.10)(a-h). Experimental and simulated (red line) RBS spectra for specimens of 
high purity aluminium anodized in 24.5 wt % sulphuric acid: a) at 5 mA/cm2 at 0 0C for 
450 s, b) at 50 mA/cm2 at 0 0C for 70 s, c) at 10 mA/cm2 at 0 0C for 250 s, d) at 20 
mA/cm2 at 0 0C for 125 s, e) at 30 mA/cm2 at 0 0C for 85 s, f) at 40 mA/cm2 at 0 0C for   
66 s, g) at 5 mA/cm2 at 20 0C for 512 s and h) at 50 mA/cm2 at 20 0C for 55 s. 











































3-10 Nodules on the film surface 
Nodules were observed at the surface of film formed on electropolished aluminium at 20, 
30, 40 and 50 mA/cm2 at 0 0C. Nodules also appear on films formed on sputtering-
deposited aluminum layer at 20, 30, 40 and 50 mA/cm2 for short anodizing times. They 
were not detected on films formed at lower current density or on films formed between 5 
to 50 mA/cm2 at 20 0C.   
Generally, nodules appear at the surface of the alumina films formed in 24.5 wt % 
sulphuric acid at 20 mA/cm2 for anodizing time for 5400 s with final anodizing voltage 
14.8 V. Films fabricated at 30 mA/cm2 for anodizing time 1000, 3000, 4000 and 5400 s 
comparable to final voltage 24.8, 26.1 and 28.5 V respectively  at 0  0C. For films formed 
at 40 mA/cm2 at 0 0C for various times i.e. 1000, 3000, 4000 and 5400 s which 
correspond to final values of anodizing voltages of 24.3, 29.0, 29.9 and 34.3 V 
respectively. For anodizing at 50 mA/cm2 at 0 0C in 24.5 wt % sulphuric acid, nodules 
were observed on films formed for 1000, 3000, 4000 and 5400 s with respective final 
anodizing voltages of 25.6, 30.9, 34.3 and 40.8 V 
Profile micrographs in figures (3-10.1) to (3-10.56) from optical interferometry provide 
the dimensions of the nodules, see appendix. For films formed at 30 mA/cm2 at 0 0C, the 
width and height of nodules are shown in figures (3-10.1) to (3-10.9). The width of the 
nodules formed at 40 mA/cm2 at 0 0C for 5400 s ranges from 18.8 to 35.7 µm, as shown 
in figures (3-10.14) and (3-10.22), with heights in the range of 0.9 to µm 4.7 µm, as seen 
in figures (3-10.14) and (3-10.22). The width of nodules achieved at 50 mA/cm2 for 5400 
s extends over the range 11.2 to 39.1 µm, as revealed in figures (3-10.44) and (3-10.55), 
with a lowest height of 1.7 and a highest height of 5.8 µm, as shown in figures (3-10.33) 
and (3-10.52). Tables (3-10.1), (3-10.2) and (3-10.3) summarize the dimensions of 
nodules relating to figures (3-10.1) to (3-10.56). 
The nodules are evident in figure (3-10.57)(a)-(d) where the films formed at 20 mA/cm2
for 5400 s has only three nodules. For films fabricated at 30 mA/cm2 for time of 
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anodizing 1000, 3000, 4000 and 5400 with low population density of nodules are shown 
in figures (3-10.57)(c)-(d) and (3-10.58)(a)-(d). The distribution of the nodules is non-
uniform on a particular film, as evident in figure (3-10.59)(a). The nodule population 
density for a film formed at 40 mA/cm2 for 4000 s is approximately of 4.3160 x 104 cm-2, 
as estimated from figure (3-10.59)(b). A thin layer of material is evident that appears to 
peel back from the sides of the nodules. The nodules are pyramid-like containing several 
faces, with approximately hemispherical tips, as seen in figures (3-10.59)(c) and (3-
10.59)(d). The initial growth of nodules underneath the film surface, indicated by arrows, 
can be seen in figures (3-10.59)(d). Figure (3-10.60)(a) reveals two adjacent nodules, 
with several tips for each one, and with a smooth layer of material peeling back from the 
nodule surface.  
The nodule population density on films grown at 40 mA/cm2 for 3000 s at 0 0C is about 
9.910 x 103 cm-2 as shown in figure (3-10.60)(b). Figure (3-10.60)(c) shows three 
adjacent pyramidal  nodules with facet-like surfaces, and hemispherical tips. 
Figures (3-10.60)(d) and (3-10.61)(a) show the respective nodule population densities of 
1.6880 x 104 and 3.1080 x 104 cm-2 for films formed at 50 mA/cm2 at 0 0C for 4000 s. The 
micrograph of figure (3-10.61)(b) reveals the morphology of the alumina surface 
surrounding the nodules. The topography of the alumina surface is evident when viewed 
at angle of 70-75o. Cracks forming four or five circles appear to be present between the 
top and the base of the nodule with vertical crack branches between the circular cracks as 
seen in figure (3-10.61)(c). 
Films formed at 50 mA/cm2 at 0 0C  for 5400 s in 24.5 wt % sulphuric acid, revealed 
nodules population densities of 1.08060 x 105, 3.9910 x 104, 5.6720 x 104 and 4.6950 x 
104 cm-2, as seen in figures (3-10.61)(d), (3-10.62)(a-c). These different nodule 
population densities relate to local distributions on the film surface; some regions of the 
film surface appear to be free of nodules. The micrograph of figure (3-10.62)(d) taken at 
an angle of 70-75o discloses also the nodule distribution. A layer of material that peels 
from the nodule is shown clearly in the micrograph of the figure (3-10.63)(a), under high 
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magnification; moreover, the initial growth of nodules appears to be evident, as indicated 
by white arrows. The high magnification micrograph of figure (3-10.63)(b) reveals the 
nodule of figure (3-10.63)(a) with a detaching layer and approximately circular cracks at 
the top of the nodule. A textured surface of the nodule, containing furrows, is revealed in 
the high magnification micrograph of figure (3-10.63)(c). The initial formation of nodule 
is seen in figure (3-10.63)(d). Figure (3-10.64)(a) shows cracks at the top of the nodule, 
with a maximum width of 473 nm. A high magnification micrograph of figure (3-
10.64)(b) reveals the surface near the top of the nodule, shown previously in figure (3-
10.63)(b). This surface consists of furrows, ridges with pores similar to those of the film 
surface in micrographs of figures (3-10.64)(c) and (d). Figure (3-10.65)(a) shows an 
adjacent group of nodules, with cracks distributed in a circular arrangement.  
The internal morphology of a nodule is evident in the micrograph of the figure (3-
10.65)(b) which, reveals a fracture through the centre of the nodule; cell-like features, 
typical of porous anodic alumina, are seen in figure (3-10.65)(c). At high magnification, 
see figure (3-10.65)(d), the cell-like feature can be seen more clearly. Figure (3-10.66) 
shows a TEM cross-section of a nodule in an alumina film fabricated at 50 mA/cm2 at 0 
0C, disclosing the cross section of circular cracks on the nodule with depth of 0.5 µm. 
Moreover, it reveals that the nodule material consists of a cell-like morphology as 
suggested in porous film. Nodules also appear on films formed on sputtering-deposited 















Ratio of nodule 
height to film 
thickness (%)  
   Comments Figure 
No. 
    30  3000      24.8     3.9    13.4          7.0            -   3-10.1 
    30  3000      24.8     3.3    20.5          6.0            -   3-10.2 
    30  3000      24.8     2.9    15.0          5.0            -   3-10.3 
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    30  4000      26.1     3.2    16.5          4.0            -   3-10.4 
    30  4000     26.1    4.8    23.5         6.0            -   3-10.5 
    30  4000     26.1    4.6    34.8         6.0            -   3-10.6 
    30  5400     28.5    3.0    11.9         3.0 Height 
measurement 
includes small 
parts of peel of 
  3-10.7 
    30  5400     28.5    4.8    24.8         5.0 Height 
measurement 
includes small 
parts of peel of 
  3-10.8 
    30  5400     28.5    5.0    25.8         5.0    3-10.9 
Table (3-10.1). Height and width of the nodules on the alumina films formed at 30 














Ratio of nodule 
height to film 
thickness (%)  
    comments Figure 
No. 
    40  1000      24.3     3.6    26.5          15            -   3-10.10
    40  3000      29.0     3.8    22.7         5.0            -   3-10.11
    40  3000      29.0     4.6    17.2         6.0            -   3-10.12
    40  4000      29.9     3.3    19.8        3 .0 Height 
measurement 
includes small 
parts of peel off 
  3-10.13




    40  5400     34.3    1.8    30.6         1.0             -   3-10.15
    40  5400     34.3    1.4    32.9         1.0             -   3-10.16
    40  5400     34.3    1.2    19.9         1.0             -   3-10.17
    40  5400     34.3    4.1    21.9         3.0 Height 
measurement 
includes small 
parts of peel of 
  3-10.18
    40  5400     34.3    4.4    18.9         3.0             -  3-10.19 
    40  5400     34.3    4.5    28.6         3.0 Height 
measurement 
includes small 
parts of peel of 
 3-10.20 
    40  5400     34.3   3.6    28.2          3.0             -  3-10.21 
    40  5400     34.3   4.7   18.8          3.0             -  3-10.22 
Table (3-10.2). Height and width of the nodules on the alumina films formed at 40 













Ratio of nodule 
height to film 
thickness (%)  
Comments   Figure 
No. 
     50  1000     25.6    5.0    25.2          16              -  3-10.23 
     50  3000     30.9    5.7    35.4          6.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.24 
    50  3000     30.9    5.2    24.9          5.0              -  3-10.25 





parts of peel off 
    50  3000      30.9    4.3    20.8          4.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.27 
    50  3000     30.9    4.9    22.9          5.0              -  3-10.28 
    50  4000     34.3    2.3    16.8          2.0              -  3-10.29 
    50  4000     34.3    2.2    18.8          2.0              -  3-10.30 
    50  5400     40.8    4.3    23.9          2.0              -  3-10.31 
    50  5400     40.8    4.2    19.7          2.0              -  3-10.32 
    50  5400     40.8    1.7    17.9          1.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.33 
    50  5400     40.8    1.7    12.3          1.0              -  3-10.34 
    50  5400     40.8    1.9    9.1          1.0              -  3-10.35 
    50  5400     40.8    3.9    17.9          2.0              -  3-10.36 
    50  5400     40.8    1.8    5.3          1.0 Initial growth of 
nodule 
 3-10.37 
    50  5400     40.8    4.2    22.2           2.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.38 
    50  5400     40.8     3.5    22.8          2.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.39 
    50  5400     40.8     3.8    22.2          2.0              -  3-10.40 
    50  5400     40.8     2.9    19.3          2.0              -  3-10.41 
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    50  5400     40.8     3.4    16.4          2.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.42 
    50  5400     40.8     4.3    23.8           2.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.43 
    50  5400    40.8      2.4    11.2          1.0              -  3-10.44 
    50  5400    40.8      2.4    12.9          1.0              -  3-10.45 
    50  5400    40.8     2.6    11.8          1.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.46 
     50  5400     40.8     2.9     8.48         2.0              -  3-10.47 
     50  5400     40.8     4.5     21.4         3.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.48 
    50  5400     40.8     3.9     22.1          2.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.49 
    50  5400     40.8    3.9    32.3          2.0              -  3-10.50 
    50  5400     40.8    3.5    22.8          2.0              -  3-10.51 
    50  5400     40.8    5.8    26.9          3.0 Height 
measurement 
includes small 
parts of peel off 
 3-10.52 
     50  5400     40.8    3.7    37.9          2.0              -  3-10.53 
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    50  5400     40.8    3.9    22.5         2.0              -  3-10.54 
    50  5400     40.8    3.6    39.1          2.0              -  3-10.55 
    50  5400     40.8    3.7    28.6          2.0              -  3-10.56 
Table (3-10.3). Height and width of the nodules on the alumina films formed at 50 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3-11 Study of the influence of anodizing conditions on the mechanical properties of 
anodic films 
This section presents results of studies of the mechanical properties of porous alumina 
films, which were formed under different anodizing conditions. An air-formed alumina 
film is always present on aluminium because of the reaction between aluminium and 
oxygen in the ambient environment. Anodizing of the aluminium will thicken the air-
formed film, with a relatively thick anodic porous film enhancing the wear and corrosion 
resistance of the aluminium surface, which enables widespread practical applications. 
The present studies employ nanoindentation and microhardness, with particular interest 
in identifying the influence of the anodizing conditions (current density, temperature of 
the electrolyte and time of anodizing) on the hardness of the films. Micro hardness tests 
were carried out on cross-sections of the alumina films at locations through the thickness 
of the films; nano-indentation tests were carried out on the film surfaces, with a 
maximum depth of indentation of 2 µm.  
3-11.1 Microhardness measurements on cross-sections of anodic films formed at 0 
0C 
Microhardness measurements were made on anodic films formed on high purity 
aluminium in 24.5 wt % sulphuric acid at 0 0C under various current densities i.e. 5, 10, 
20, 30, 40 and 50 mA/cm2 for a constant time, 5400 s, as revealed in figures (3-11.1) to 
(3-11.6). Tests were also carried out on anodic alumina films fabricated in 24.5 wt % 
sulphuric acid at 0 0C under different current densities, namely 30, 40 and 50 mA/cm2, 
for various times, i.e. 1000, 3000 and 4000 s, at each current density, as shown in figures 
(3-11.7) to (3-11.15).  
  
Table (3-11.1.1) displays that the reduction in hardness of the anodic films decreases 
between the regions near the aluminium substrate and the surface of the film, as 
determined from figure (3-11.1) to (3-11.15). The hardness reduces by 3 to 17 % with the 
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distance increases from the aluminium substrate, with the greatest reduction occurring for 
the film grown at 50 mA/cm2 for 5400 s as shown in figure (3-11.6). 
The reduction of hardness between the aluminium substrate to the alumina surface 
increases from 5 to 13 %  and 3 to 17 % as the anodizing time increases for alumina films 
formed at 30 and 50 mA/cm2 respectively for different anodizing times i.e. 1000, 3000, 
4000 and 5400 s, as evident in table (3-11.1.1) and figures (3-11.4), (3-11.6)-(3-11.9) and 
(3-11.13)-(3-11.15). However, no consistent trend in hardness reduction with increasing 
time of anodizing is found for alumina formed at 40 mA/cm2 for various times 1000, 
3000, 4000 and 5400 s, with values lying in the range 6-9 %.  
3-11.2 Microhardness measurements on cross-sections of anodic films formed at 20  
0C 
Results of microhardness tests on the anodic films grown in 24.5 wt % sulphuric acid at 
20 0C for different current densities, i.e. 5, 10, 20, 30, 40 and 50 mA/cm2, for a constant 
anodizing time, 5400 s, are presented in figures (3-11.1) to (3-11.6). Microhardness tests 
were also carried out films fabricated in 24.5 wt % sulphuric acid at 20 0C for various 
times, namely 1000, 3000 and 4000 s, for each  current density, namely 30, 40 and 50 
mA/cm2, see figures (3-11.7) - (3-11.15).  
 Table (3-11.2.1) reveals that the reduction of the hardness between the aluminium 
substrate and the alumina surface is much greater from 12 % to 37 % for the films formed 
at 20 0C in comparison with films fabricated at 0 0C. 
The reduction of hardness for alumina films fabricated at 40 mA/cm2 at 20 0C for various 
times, namely 3000, 4000 and 5400 s, increases from 17 to 34 % with increasing 
anodizing time, as shown in table (3-11.2.1) and figures (3-11.5) and (3-11.10)-(3-11.12). 
Figure (3-11.1) reveals the hardness at a location 2 µm distance from the aluminium 
substrate for anodic films grown on high purity aluminium at 5 mA/cm2 in 24.5 wt % 
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sulphuric acid for 5400 s, but at different temperature (0 and 20 0C). The hardness 
increases by 22 % for alumina formed at 0 0C compared with that for films grown at 20
0C. 
The hardness at approximately 2 µm distance from the aluminium substrate for anodic 
films grown at 10 mA/cm2 at 0 and 20 0C is higher by about 15 % at 0 0C than that at 20 
0C, as revealed in figure (3-11.2). Generally, the hardness of anodic films formed on 
aluminium at 0 0C is roughly constant until around 13 µm distance from the aluminium 
substrate and then decreases slightly (by 7 %) towards the film surface. However, a large 
progressive reduction in the hardness of the alumina with increased distance from the 
aluminium substrate occurs for films formed at 20 0C. The hardness is reduced near the 
film surface by 31 % relative to the hardness near the aluminium surface.    
As can be seen from figure (3-11.3), for an anodic film formed at 20 mA/cm2 at 20 0C, 
the hardness decreases steeply from the aluminium substrate. In contrast, the trend line of 
hardness is approximately steady for a film grown at 20 mA/cm2 at 0 0C under the same 
conditions, as seen in figure (3-11.3). 
For films formed at 30 mA/cm2 for 5400 s at 0 0C, figure (3-11.4) reveals that the 
hardness decreases by 13 % with distance from aluminium substrate, while a reduction of 
34 % occurs in films formed at 30 mA/cm2 for 5400 s at 20 0C, as shown in figure (3-
11.4). 
The decrease of hardness for film grown at 0 0C at 40 mA/cm2 for 5400 s is lower (9 %) 
than that of the film formed at 20 0C under the same conditions (34 %), as seen in figure 
(3-11.5). 
Figure (3-11.6) reveals that the hardness of the film grown at 50 mA/cm2 at 0 0C for 5400 
s reduces more strongly compared with alumina films formed at the same temperature (0 
0C) and the same time and at different current densities (5, 10, 20, 30, 40 mA/cm2), see 
figures (3-11.1), (3-11.2), (3-11.3), (3-11.4) and (3-11.5). However, this sharp reduction 
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for alumina grown on aluminium substrate at 0 0C and at 50 mA/cm2 is still smaller (17 
%) than that of alumina formed at 20 0C and at 50 mA/cm2, which is 36 %, as revealed in 
figure (3-11.6).  
Current density 
(mA/cm2) 




          5         5400           10   14.7 ± 0.50          11 
         10        5400           25   30.0 ± 0.80           7 
         20        5400           100   64.1 ± 1.82          12 
         30        5400           100  100.0 ± 2.18           13 
         30        4000           100   74.0  ± 1.61          11 
         30        3000           100   53.8 ± 1.33           7 
         30        1000           25   18.8 ± 0.50           5 
         40        5400          100   138.6 ± 4.5            9 
         40        4000          100   102.2 ± 3.0           6 
         40        3000          100   75.0 ± 2.86           9 
         40        1000           25    24.4 ± 1.0           7 
         50        5400          100   178.0 ± 4.0          17 
         50        4000          100   129.6 ± 4.5           8 
         50        3000          100   96.5 ± 2.0           7 
         50        1000           25   32.2 ± 0.60           3 
Table (3-11.1.1). Results for micro-hardness measurements made on cross-sections of 
porous anodic films formed on aluminium at different current densities at 0 0C. The 
thickness of the film was determined from SEM. The reduction of hardness (% decrease 
in hardness across the film thickness) was determined using hardness values measured 








           5          5400          10   13.2 ± 0.21          27 
          10         5400           25    27.5 ± 1.5          31 
          20         5400           25    55.8 ± 2.10          37 
          30         5400          100    87.1 ± 3.30          34 
          30         4000          100    65.0 ± 2.00          20 
          30         3000           25    51.0 ± 1.30          21 
          30         1000           10    16.5 ± 0.22          12 
          40         5400          100    118.2 ± 4.20          34 
          40         4000          100     88.7 ± 3.00          26 
          40         3000          100     66.9 ± 3.20          18 
          40         1000           25     22.6 ± 1.95          17 
          50         5400          100    153.6 ± 3.45          36 
          50         4000          100    114.3 ± 2.31          24 
          50         3000          100     85.7 ± 0.74          30 
Table (3-11.2.1). Results for micro-hardness measurements made on cross-sections of 
porous anodic films formed on aluminium at different current densities at 20 0C. The 
thickness of the film was determined from SEM. The reduction of hardness (% decrease 
in hardness across the film thickness) was determined using hardness values measured 
near the aluminium substrate and near the surface of the film.   
The values of hardness at the oxide/aluminium substrate interface and at the 
electrolyte/oxide interface are revealed in tables (3-11.1.2) and (3-11.2.2). Tables (3-
11.1.3) and (3-11.2.3) show hardness values in HV which change to IS unit (GPa), for 
films formed at 0 0C the hardness report low values compared with nano-indentation 
values in table (3-12.1). The hardness also reveals approximately reduction with increase 

















close to film 
surface 
           5      5400       2.28       438.2       12.90        390.1 
           10      5400       2.39       419.8       27.79        390.3 
           20      5400       2.92       418.5        61.16        369.5 
           30      1000       2.41       422.5       15.72        401.1 
           30      3000       2.51       405.1       51.47        376.5 
           30       4000       2.25       408.7       68.68        365.1 
           30      5400      2.00       400.2       95.60        348.7 
           40      1000      2.80       418.7       22.10        390.2 
           40      3000      2.00       418.5       71.41        382.4 
           40      4000      2.40       401.1       96.98        376.3 
           40      5400      2.62      420.9      133.47        383.1 
           50      1000      2.00      392.6       28.70        381.4 
           50      3000      2.32      415.2       94.20        384.7 
           50      4000      2.86      397.2       126.40        366.9 
           50      5400      2.65      445.7        172.25         369.4 
Table (3-11.1.2). The values of film hardness measured close to aluminium substrate and 




















           5      5400       2.10       342.8       10.77        251.3 
           10      5400       2.31       358.9       23.55        247.1 
           20      5400       2.00       372.7       53.20        233.8 
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           30      1000       2.40       370.2       14.10        324.8 
           30      3000       2.61       386.5       44.95        305.8 
           30       4000       2.43       375.2       61.47        301.1 
           30      5400      2.41       373.6       82.61        245.9 
           40      1000      2.57       394.3       20.12       327.2 
           40      3000      2.45       402.6       63.20       330.5 
           40      4000      2.25       381.1       85.21       282.4 
           40      5400      2.67      368.9      115.42       242.9 
           50      1000      -      -       -       - 
           50      3000      2.80      387.7       83.81       270.1 
           50      4000      2.18      362.6       111.21       275.4 
           50      5400      2.22      360.4        151.78        231.7 
Table (3-11.2.2). The values of film hardness measured close to aluminium substrate and 








Hardness (HV) Hardness (GPa) 
(HV x 
0.009807) 
           5      5400       12.90        390.1        3.826 
           10      5400       27.79        390.3        3.828 
           20      5400        61.16        369.5        3.624 
           30      1000       15.72        401.1        3.934 
           30      3000       51.47        376.5        3.692 
           30       4000       68.68        365.1        3.581 
           30      5400       95.60        348.7        3.420 
           40      1000       22.10        390.2        3.827 
           40      3000       71.41        382.4        3.750 
           40      4000       96.98        376.3        3.690 
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           40      5400      133.47        383.1        3.757 
           50      1000       28.70        381.4        3.740 
           50      3000       94.20        384.7        3.773 
           50      4000       126.40        366.9        3.598 
           50      5400       172.25         369.4        3.623 
Table (3-11.1.3). Values of HV hardness converted into IS units (GPa) for films 








Hardness (HV) Hardness (GPa) 
(HV x 
0.009807) 
             5       5400       10.77        251.3        2.464 
            10      5400       23.55        247.1        2.423 
            20      5400       53.20        233.8        2.293 
           30      1000       14.10        324.8        3.185 
           30      3000       44.95        305.8        2.999 
           30       4000       61.47        301.1        2.953 
           30      5400       82.61        245.9        2.412 
           40      1000       20.12       327.2        3.209 
           40      3000       63.20       330.5        3.241 
          40      4000       85.21       282.4        2.769 
          40      5400      115.42       242.9        2.382 
          50      1000       -       -        - 
          50      3000       83.81       270.1        2.649 
          50      4000       111.21       275.4        2.701 
          50      5400       151.78        231.7        2.272 
Table (3-11.2.3). Values of HV hardness converted into IS units (GPa) for films 
fabricated at  20 0C.  
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Figure (3-11.1). Microhardness through a cross section of an anodic alumina film formed  
on high purity Al at 5 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0and 20 0C. 














distance from Al substrate (µm)
 at 0 0C
 at 20 0C















distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.2). Microhardness through a cross section of an anodic alumina film formed 
on high purity Al at 10 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.3). Microhardness through a cross section of an anodic alumina film formed 
on high purity Al at 20 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0 and 200C. 
Figure (3-11.4). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 30 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0 and 200C. 
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distance from Al substrate (µm)
 at 0 0C
at 20 0C
Figure (3-11.5). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 40 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 















distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.6). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 50 mA/cm2 for 5400 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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distance from Al substrate (µm)
  at 0 0C
  at 20 0C
Figure (3-11.7). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 30 mA/cm2 for 1000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 














distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.8). Microhardness through a cross section of an anodic alumina film formed 
    on high purity Al at 30 mA/cm2 for 3000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.9). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 30 mA/cm2 for 4000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 














distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.10). Microhardness through a cross section of an anodic alumina film formed 
    on high purity Al at 40 mA/cm2 for 1000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.11). Microhardness through a cross section of an anodic alumina film formed 
  on high purity Al at 40 mA/cm2 for 3000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 














distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.12). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 40 mA/cm2 for 4000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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distance from Al substrate (µm)
 at 0 0C
Figure (3-11.13). Microhardness through a cross section of an anodic alumina film formed 
         on high purity Al at 50 mA/cm2 for 1000 s in 24.5 wt % sulphuric acid at 0 0C. 














distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.14). Microhardness through a cross section of an anodic alumina film formed 
   on high purity Al at 50 mA/cm2 for 3000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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distance from Al substrate (µm)
 at 0 0C
 at 20 0C
Figure (3-11.15). Microhardness through a cross section of an anodic alumina film formed 
    on high purity Al at 50 mA/cm2 for 4000 s in 24.5 wt % sulphuric acid at 0 and 20 0C. 
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3-12 Nano-indentation measurements on the surface of alumina films
The hardness and elastic modulus under a constant indentation depth of 2000 nm were 
determined by nanoindentation on the surface of porous alumina films formed in 24.5 wt 
% sulphuric acid under selected current densities of 5, 10, 20, 30, 40 and 50 mA/cm2 at 0 
and 20 0C for a constant time of 5400 s. Nanoindentation measurements were also carried 
out on the surface of alumina films formed in 24.5 wt % sulphuric acid at 0 and 20 0C for 
various times, namely 1000, 3000 and 4000 s, for current densities of 30, 40 and 50 
mA/cm2. 
The load-displacement responses for both temperatures are shown in figures (3-12.1)-(3-
12.30), see appendix. The indents on the surface of the alumina films were chosen to be 
separated from each other by at least more than 5 times the diameter of the indent, to 
avoid interaction with deformed material around the previous indents. The depth of the 
indenter was less than 10 % of the thickness of tested alumina films to avoid the 
influence of the substrate on the measurements. The elastic recovery was calculated by 
subtracting the maximum depth of the impression (hmax), when the load reaches the 
maximum value, and the final depth of the indent (hf), when the load reaches zero. The 
ratio of elastic recovery is equal to the final depth of the impression, when the load 
reaches zero (hf), to the maximum penetration of the indent (hmax).[310,311]  The mean 
hardness, mean elastic modulus and minimum-maximum load for the whole cycles of the 
alumina films formed in 24.5 wt % sulphuric acid at 0 and 20 0C are presented in tables 
(3-12.1) and (3-12.2). 
Figure (3-12.31) shows the hardness of the films grown at 0 0C under selected current 
densities of 5, 10, 20, 30, 40 and 50 mA/cm2 for an anodizing time of 5400 s. The 
hardness of the films is approximately constant at ~ 5.5 ± 0.55 GPa. Figure (3-12.32) 
reveals that the elastic modulus of the same films is ~ 108 ± 7 GPa. 
Figure (3-12.33) shows the effect of the anodizing time on the hardness of films formed 
for 1000, 3000, 4000 and 5400 s under current densities of 30, 40 and 50 mA/cm2. The 
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hardnesses of the films formed at 40 and 50 mA/cm2 for all times are approximately 
constant and equal to 5.4 ± 0.78 and 5.6 ± 0.82 GPa respectively. For alumina films 
formed at 30 mA/cm2, the hardness decreases by 7 % for a film formed at 3000 s as 
compared with film formed for 1000 s. It then increases by 14 % for a film formed for 
4000 s. Finally, the hardness reduces by 6 % for a thicker film formed for 5400 s. The 
average of hardness for films fabricated at 30 mA/cm2 is 5.6 ± 0.61 GPa.  
Figure (3-12.34) reveals the relation between the anodizing time and the elastic modulus 
for films formed for 1000, 3000, 4000 and 5400 s for current densities of 30, 40 and 50 
mA/cm2. For films formed at 50 mA/cm2, the modulus of the film is approximately 
constant at 111 ± 11 GPa. The films formed at 40 mA/cm2 have a similar modulus of 109 
± 10 GPa. Films fabricated at 30 mA/cm2 for 3000 s revealed a decrease of modulus by 6 
% compared with that achieved at 1000 s. The modulus rose by 11 % for alumina film 
obtained for 4000 s compared with that formed for 3000 s, followed by a nearly constant 
level for a thicker film formed for 5400 s.  
Figures (3-12.35) and (3-12.36)  show the hardness and the elastic modulus of alumina 
films fabricated for 5400 s under selected current densities of 5, 10, 20, 30, 40 and 50 
mA/cm2 at 20 0C. The hardness and the elastic modulus of the films rise roughly linearly 
as the current density increases. 
Figure (3-12.37) reveals the influence of the anodizing time on the hardness of the films 
formed at 30, 40 and 50 mA/cm2 for 1000, 3000, 4000 and 5400 s at 20 0C. In general the 
hardness reduces with increase of the anodizing time. The hardness of the films formed at 
30 mA/cm2 for 3000, 4000 and 5400 s is lower by 17 %, 29 % and 50 % respectively  
than that for an alumina formed for 1000 s. The film fabricated at 40 mA/cm2 for 3000, 
4000 and 5400 s showed a reduction of hardness by 11 %, 28 % and 42 % compared with 
that formed for 1000 s. For an films formed at 50 mA/cm2 for 3000, 4000 and 5400 s, the 
hardness is lower by 14 %, 26 % and 40 % respectively than that of film formed for 1000 
s.  
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Figure (3-12.38) shows that the modulus of alumina films formed under the selected 
current densities namely, 30, 40 and 50 mA/cm2, for 1000, 3000, 4000 and 5400 s follow 
the same trends as the hardness given in figure (3-12.37). 
The mean standard deviation of hardness and elastic modulus of films formed at 0 0C is 
76 % and 74 % respectively greater than those of films formed at 20 0C. A high deviation 
might result from a relatively high roughness and low homogeneity of the hard films and 
the presence of flaws.  
The mechanical properties of the outer regions of the alumina films are affected by the 
temperature of the electrolyte. Increase in the temperature leads to a decrease in the 
hardness and elastic modulus, as seen in tables (3-12.1) and (3-12.2), which is in 
agreement with previous findings.[312] For example, for a film fabricated at 5 mA/cm2 for 
5400 s at 0 0C the hardness and elastic modulus increase by 67 % and 58 % respectively 
compared with a film formed under the same conditions but at  20 0C. The hardness and 
elastic modulus of alumina formed at 10 mA/cm2 at 20 0C for 5400 s are decreased by 64 
% and 53 % respectively compared with those of films grown at 10 mA/cm2 at 0 0C for 
5400 s. Films formed at 30 mA/cm2 at 20 0C for 5400 s have hardness and elastic 
modulus reduced by 57 % and 48 % as compared with films fabricated at 30 mA/cm2 at 0 
0C for 5400 s respectively. Reduction of 49 % and 44 % are found for the hardness and 
modulus respectively of films produced at 40 mA/cm2 at 20 0C for 5400 s compared with 
those of films obtained at 40 mA/cm2 at 0 0C for 5400 s. Further, respective reductions 48 
% and 41 % were determined for the hardness and elastic modulus for alumina films 
fabricated at 50 mA/cm2 at 20 0C for 5400 s compared with those of films formed at 50 
mA/cm2 at 0 0C for 5400 s. See table (3-12.3) for the percentage of the reduction in the 
hardness and the elastic modulus of films formed at 0 and 20 0C.  
The hardness, elastic modulus, maximum load, elastic recovery, elastic ratio, creep 
deformation and time of creep were determined from the first and fifteenth cycles “tests” 
of indentation for anodic alumina films grown in 24.5 wt % sulphuric acid at 0 and 20 0C 
under selected current densities 5, 10, 20, 30, 40 and 50 mA/cm2 for 5400 s, and similarly 
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for films formed at 30, 40 and 50 mA/cm2 for various times 1000, 3000 and 4000 s at 0 
and 20 0C in 24.5 wt % sulphuric acid. The results are shown in tables (3-12.4) and (3-
12.5). The results show the time of creep and the ratio of elastic for both films formed at 
0 and 20 0C are approximately similar; in contrast the creep deformation is lower for 
films fabricated at 0 0C than that for films formed at 20 0C. Figures (3-12.39)-(3-12.68) 
show the load-displacement responses of the first cycle and the fifteenth cycles achieved 
by nanoindentation, see appendix.    
The load-displacement transients carried out by nano-indentation tests on the outer 
surface of alumina films formed 0 and 20 0C under selected current densities of  5, 10, 20, 
30, 40 and 50 mA/cm2 for different times 1000, 3000, 4000 and 5400 s have the same 
general shape. However, differences occur in the load which depends on the hardness, 
and in the slope of the unloading curve, which depends on the elastic response of the film 
material and the extent of the creep.  
In figures (3-12.69)-(3-12.80) in appendix, load-time transients reveal the creep in the 
films. As can be seen, the load-time response is made up of three portions; the first and 
the last are the loading and unloading regions respectively. The middle region “peak” is 
the creep, which occurs for short period of time, approximately 11-12 s. During the peak, 
there is a time-dependent displacement, i.e. the indenter continues to penetrate the tested 
film although the applied load is not increased. Figures (3-12.81)-(3-12.91) in appendix 
reveals the creep in the first and fifteenth cycles of alumina films.   
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Table (3-12.1). The mean hardness, the mean elastic modulus and the minimum-












           5        5400     5.68 ± 0.2    109.64 ±  2.5     104 - 108 
          10        5400     5.40 ± 0.3    106.89 ± 4.0    382 - 414 
          20       5400     5.57 ± 0.6    107.8 8± 5.1    202 - 236 
          30       5400     5.63 ± 0.8    108.71 ± 10.3    349 -482 
          30       4000     6.01 ± 0.7    112.73 ± 8.6    345 - 459 
          30       3000     5.18 ± 0.5    100.80 ± 5.7    329 - 392 
          30       1000     5.55 ± 0.4     106.84 ± 5.0    357 - 419 
          40       5400     5.12 ± 0.6    106.77 ± 8.9    189 - 661 
          40       4000     5.43 ± 0.9    109.65 ± 10.5    345 - 459 
          40       3000     5.58 ± 0.9    110.42 ± 11.5    336 – 447 
          40       1000     5.50 ± 0.6    109.03 ± 8.8    355 - 458 
          50       5400     5.31 ± 0.8    107.91 ± 9.5    325 - 447 
          50       4000     5.43 ± 0.8    112.31 ± 9.4    345 - 459 
          50       3000     5.79 ± 0.9    115.70 ± 15.0    272 - 513 













           5        5400    1.87 ± 0.03    46.45 ± 0.36      62 - 65 
          10        5400    1.97 ± 0.03    50.21 ± 0.49     168 - 182 
          20       5400    2.20 ± 0.07    54.15 ± 1.08     149 -160 
          30       5400    2.41 ± 0.10    56.10 ± 1.54     173 - 184 
          30       4000    3.47 ± 0.21    76.01 ± 2.5     254 - 279 
          30       3000    4.00 ± 0.18    85.28 ± 2.27     301 - 312 
          30       1000    4.81 ± 0.09    96.78 ± 1.08     342 - 351 
          40       5400    2.63 ± 0.14     59.74 ± 1.70     185 - 205 
          40       4000    3.26 ± 0.14    73.18 ± 1.95      244 - 264 
          40       3000    4.07 ± 0.20    85.40 ± 1.28      310 - 320 
          40       1000    4.56 ± 0.25    94.15 ± 3.04      326 - 348 
          50       5400    2.75 ± 0.22    63.84 ± 5.77      298 - 347 
          50       4000    3.42 ± 0.15    74.70 ± 2.18      204 - 219 
          50       3000    3.98 ± 0.22    84.10 ± 2.87      180 - 196 
          50       1000   4.61 ± 0.31    94.71 ± 4.18       298 -347 
Table (3-12.2). The mean hardness, the mean elastic modulus and the minimum-
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     50     4000 5.43 ± 3.42 ±       37 112.31 ± 74.70 ±       33 
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Table (3-12.3). The percentage difference between the mean hardness and the mean 




























     1       5     5400    104.1      5.3   106.4   476.5      83.2 11.5  0.77 
     15       5    5400   105.6      5.5   112.1   479.9      89.6 11.8  0.77 
     1      10    5400    396.5      5.7   111.1   478.7      84.9 11.8  0.78 
     15      10    5400    377.6      4.9   102.0   472.2      90.6 11.6  0.79 
     1      20    5400    201.6      4.6   72.3   881.1      85.3 11.6  0.61 
     15      20    5400    222.1      4.7   75.8   895.4      107.8 11.6  0.61 
     1      30    5400    393.9      4.9   101.3   510.2      81.7 11.8  0.77 
     15      30    5400    390.7      5.1   102.2   476.1      80.1 12.0  0.78 
     1      30    4000    408.7      6.1   114.6   485.5      70.4 11.6  0.77 
     15      30    4000    427.0      5.6   107.6   512.7      75.3 11.6  0.77 
     1      30    3000    352.5      5.3   102.5   512.2       88.6 11.6  0.77 
     15      30    3000    367.3      5.3   101.9   535.9      106.2 11.9  0.76 
     1      30    1000    379.9      5.5   107.6   511.8       97.0 11.9  0.77 
     15     30    1000    369.5      5.1   100.4   513.4      77.7 11.4  0.77 
     1     40    5400    190.35      1.9   72.4   302.6      79.7 11.4  0.86 
     15     40    5400    386.25      4.5   112.7   437.3      74.6 11.6  0.80 
     1     40    4000    459.29      7.0   114.1   488.6      86.3 11.8  0.78 
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     15     40    4000    414.6      5.6   111.5   464.1      74.5 12.0  0.79 
     1     40    3000    369.43      4.8   100.9   460.4      78.9 11.4  0.79 
     15     40    3000    400.00      6.0   115.4   481.3      102.0 12.0  0.78 
     1     40    1000    395.9      5.1   104.9   487.8       82.8 11.6  0.78 
     15     40    1000    415.29      5.6   110.8   500.8       86.5 11.8  0.77 
     1     50    5400    387.38      4.6   108.4   446.0       69.3 11.8  0.79 
     15     50    5400    375.84      4.4   103.8   446.8       71.1 11.6  0.80 
     1     50    4000    384.14      5.5   106.3   466.0       75.5 11.4  0.78 
     15     50    4000    423.35      6.1   118.1   491.3       85.6 13.2  0.78 
     1     50    3000    328.85      4.1   95.5   411.1      77.5 11.6  0.80 
     15     50    3000    472.53      6.5   126.4   494.6      92.6 11.6  0.78 
     1     50    1000    421.77      5.2   106.0   480.0      75.6 11.6  0.78 
     15     50    1000    375.0      4.6   97.1   478.1      89.1 11.8  0.79 
Table (3-12.4). The hardness, elastic modulus, maximum load, elastic recovery, elastic 
ratio, creep deformation and time of creep achieved from the first and fifteenth cycles 




























     1       5     5400     60.4      1.7    44.4   310.2      75.4 11.5  0.78 
     15       5     5400     65.8      1.9    48.9   318.6      78.8 11.4  0.79 
     1      10     5400     181.5      2.0    50.1   321.6       80.2 11.0  0.85 
     15      10     5400     174.7      1.9    50.6   302.2       71.0 10.9  0.86 
     1      20     5400     152.5      2.1    53.1   556.9       88.9 10.6  0.77 
     15      20     5400     156.6      2.2    54.0   568.3      103.5 12.6  0.76 
     1      30     5400     173.1      2.4    56.3   476.6      109.4 12.0  0.79 
     15      30     5400     176.5      2.3    55.7   460.4      88.7 12.0  0.80 
     1      30     4000     251.7      3.4    75.07   482.7      103.4 11.6  0.79 
325
     15      30     4000     266.0      3.5    76.4   476.1      111.9 13.8  0.79 
     1      30     3000     304.7      4.2    88.6   498.9      92.1 11.8  0.78 
     15      30     3000     305.8      3.8    82.9   485.7      106.9 12.8  0.79 
     1      30     1000     344.0      4.6    95.5   505.4      91.1 10.7  0.77 
     15      30     1000     349.2      4.8    96.5   511.7      87.6 10.5  0.77 
     1      40     5400     193.0      2.6    59.9   365.4      71.3 13.4  0.83 
     15      40     5400     185.4      2.3    58.0   359.6      73.9 11.8  0.84 
     1      40     4000     246.2      3.1    71.4   515.7      92.3 11.8  0.78 
     15      40     4000     255.6      3.1    72.5   481.2      111.1 12.9  0.79 
     1      40     3000     314.1      3.8    83.6   448.2      87.8 10.7  0.80 
     15      40     3000     319.6      4.3    88.4   452.7      88.8 11.0  0.79 
     1      40     1000     328.9      4.3    91.8   521.4      101.6 15.0  0.77 
     15      40     1000     341.5      4.9    99.5   529.5      98.4 11.6  0.77 
     1      50     5400     106.6      2.6    62.9   737.2      87.6 11.6  0.69 
     15      50     5400     114.2      2.7    63.2   728.1      109.2 13.6  0.69 
     1      50     4000     213.4      3.3    74.1   560.9      105.0 12.6  0.76 
     15      50     4000     208.7      3.5    73.7   538.4      101.6 11.8  0.77 
     1      50     3000     173.0      4.0    84.3   765.7      102.9 11.6  0.68 
     15      50     3000     187.1      3.8    83.6   761.8      115.7 11.8  0.68 
     1      50     1000     345.6      4.9    98.6   505.9      97.2 12.0  0.77 
    15      50     1000     333.7      4.7    96.9   502.3      92.5 11.4  0.77 
Table (3-12.5). The hardness, elastic modulus, maximum load, elastic recovery, elastic 
ratio, creep deformation and time of creep achieved from the first and fifteenth cycles 
“tests” of nano-indentation for anodic alumina films formed at 0 0C. 
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Figure (3-12.31). Hardness versus current density for anodic films formed on    
    high purity Al in 24.5 wt % sulphuric acid at 0 0C of anodizing for 5400 s 






















Figure (3-12.32). Elastic modulus versus current density for anodic films formed   
    on high purity Al in 24.5 wt % sulphuric acid at 0 0C of anodizing for 5400 s 
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 at 30 mA/cm2
 at 40 mA/cm2
 at 50 mA/cm2
Figure (3-12.33). Hardness versus anodizing time for each current density (30, 40 and 50 mA/cm2)    
                 for anodic films formed on high purity Al in 24.5 wt % sulphuric acid at 0 0C  






















 at 30 mA/cm2
 at 40 mA/cm2
 at 50 mA/cm2
Figure (3-12.34). Elastic modulus versus anodizing time for each current density (30, 40 and 50 mA/cm2) 
                     for anodic films formed on high purity Al in 24.5 wt % sulphuric acid at 0 0C  
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Figure (3-12.35). Hardness versus current density for anodic films formed on  
  high purity Al in 24.5 wt % sulphuric acid at 20 0C of anodizing for 5400 s 























Figure (3-12.36). Elastic modulus versus current density for anodic films formed on     
        high purity Al in 24.5 wt % sulphuric acid at 20 0C of anodizing for 5400 s 
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 at 30 mA/cm2
 at 40 mA/cm2
 at 50 mA/cm2
Figure (3-12.37). Hardness versus anodizing time for each current densities (30, 40 and 50 mA/cm2) 
                 for anodic films formed on high purity Al in 24.5 wt % sulphuric acid at 20 0C  





















 at 30 mA/cm2
 at 40 mA/cm2
 at 50 mA/cm2
Figure (3-12.38). Elastic modulus versus anodizing time for each current densities (30, 40 and 50 mA/cm2) 
                      for anodic films formed on high purity Al in 24.5 wt % sulphuric acid at 20 0C  
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                                                               Chapter 4 
                                                              Discussion  
4- Discussion  
Aluminium is usually covered with an air-formed film under normal atmospheric 
conditions, which is due to its high reactivity with oxygen. The film thickness is 
generally in the range 1-5 nm. However, the air-formed film can be thickened to several 
tens of microns when aluminium is anodized in specific acid electrolytes. The resultant 
porous films can be used for nanotechnology purposes and also for enhancing the 
corrosion and wear resistance of aluminium for a range of applications. 
4-1 Voltage-time transient during anodizing process
The investigation of the voltage-time transient during anodizing at constant current 
density in 24.5 wt % sulphuric acid electrolyte, figure (1-5.3)(a), reveals a voltage surge 
of ~ 2 V when the current density is applied, due to the presence of the air-formed film 
on the electropolished aluminium substrate. The surge is followed by an approximately 
linear increase in voltage with time, which results from the thickening of the barrier layer 
and the initiation of pores. When the voltage reaches the peak value then the thickness of 
the barrier achieves a maximum value. The voltage then reduces with establishment and 
growth of the major pores of the film. Finally, the steady growth of the porous film is 
accompanied by a steady voltage. In the present results, under certain conditions of 
anodizing, particularly at high current density, the steady voltage is found to rise after a 
certain period of anodizing, which may be due to increase of the barrier layer thickness 
and widening of pores and/or oxygen evolution. The slope of the initial voltage rise, the 
peak voltage, the anodizing time to reach the peak voltage, the anodizing time period 
prior to the achievement of a steady voltage and the value of the steady voltage and its 
subsequent stability are dependent on the anodizing parameters i.e. current density and 
temperature of electrolyte, as revealed in tables (3-1.1) and (3-2.1) and figures (3-1) to 
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(3-15). For the present results, for films fabricated on aluminium in 24.5 wt % sulphuric 
acid at 0 and 20 0C, show how an increase of the current density affects the anodizing 
periods to the peak voltage and prior to the steady voltage, i.e. as expected, an increase in 
the current density reduces the respective periods of anodizing. The slope of the initial 
voltage rise, the final voltage, the voltage peak and the steady voltage also increase as the 
current density rises. Moreover, the increase of the anodizing temperature at given 
current density leads to a reduction in the times to reach the peak and steady voltages, 
and also the values of the peak voltage, the slope of the initial voltage rise, the steady 
voltage and the final voltage. The effects of the current density and the temperature of 
electrolyte on the anodizing times to reach the peak voltage and the steady voltage are in 
agreement with previous work[313] for anodizing of AA1050A alloy in sulphuric acid 
electrolyte at constant current density. Studies of anodizing of aluminium in phosphoric 
acid[53] and in sulphuric acid[314] found that the voltage reached a maximum, before 
dropping to the steady value, in a much shorter time in films formed in sulphuric acid 
than in films fabricated in phosphoric acid. The investigations found that the peak voltage 
occurred after only 2-3 s, with steady porous growth obtained after about 15 s for films 
formed in 1.5 M sulphuric acid at 0 0C at 50 mA/cm2 and above. Also the peak voltage is 
reached after 12 s (due to slower growth of barrier layer) at low current densities 10 
mA/cm2. These results are approximately in agreement with the present findings (see 
table (3-1.1)), with a small difference of 2 or 3 s for the anodizing time prior to the steady 
voltage, which may be attributed to the difference in the electrolyte concentration 1.5 M 
and/or accuracy of anodizing temperature (± 0.5 0C).  
A lack of a voltage peak in the voltage-time transients for films grown at lower current 
densities (at 10 mA/cm2 in 1.5 M sulphuric acid with 20 0C) has been attributed to 
dissolution of the film material that takes place from the beginning of the anodizing 
process, whereas the anodizing voltage and the thickness of barrier layer are still 
increasing[53]. The present results also show a reduction of the voltage peak with decrease 
in the current density at higher temperature (20 0C), as shown in figure (4-1). However, at 
lower anodizing temperature (0 0C), there is no significant influence of current density on 
the peak voltage, as in figure (4-2). At low current density, the peak voltage reduces with 
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increasing temperature, as revealed in figure (4-3), but this effect seems to be small at 
higher current density, as seen in figure (4-4). The dependence of the current density (i) 
on the anodizing voltage (steady voltage measured at 300 s) for current densities 5, 10, 
20, 30, 40 and 50 mA/cm2 shows that log i rises approximately linearly with the voltage 
and rises more steeply with voltage as the temperature decreases, as revealed in figure (4-
5). Relatively small voltage fluctuations are evident on the v-t curves, which appear to be 
promoted at lower electrolyte temperature and lower current density. They are being 
related to temperature control or stability of the power supply.    
  
Figure (4-1). The initial stage of the voltage-time response for high purity aluminium 




























Figure (4-2). The initial stage of the voltage-time response for high purity aluminium 
anodized at 5 and 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 0C.   
Figure (4-3). The initial stage of the voltage-time response for high purity aluminium 
























































Figure (4-4). The initial stage of the voltage-time response for high purity aluminium 
anodized at 50 mA/cm2 in 24.5 wt % sulphuric acid at 0 and 20 0C. 
Figure (4-5). Dependence of the current density on the voltage (measured following 
anodizing for 300 s) for films formed on aluminium at current densities of 5, 10, 20, 30, 



















































4-2 Film formation on high purity aluminium: morphology and composition
Sulphuric acid has been widely used in industry to anodize aluminium and its alloys. The 
anodic films usually consist of amorphous alumina with a close-packed pore 
arrangement, with pores extending from the surface of alumina almost to the 
aluminium/film interface. The pores are orientated normal to the aluminium substrate 
from which they are separated by a barrier layer that is usually thin compared with the 
thickness of the porous layers.  
The development of porous anodic alumina films occurs in two main stages as follows: 
1- Initial growth of a barrier film and nucleation of pores.  
2- Steady growth of a porous anodic film i.e. under conditions of steady voltage or 
steady current density for anodizing at constant current density or constant 
voltage respectively, which are the methods usually employed in laboratory 
studies.  
In the steady region of the voltage-time transient, a porous-type film forms, which has 
usually been attributed to a dynamic equilibrium between the formation rate of the oxide 
at the aluminium/film interface and field-assisted dissolution of the oxide at the pore 
base[21,53,315]. 
In the initial period of anodizing, a uniform film is formed, which results in an initial 
uniform distribution of current density across the macroscope of the aluminium. During 
the initial film growth, pores develop in preferential positions on the film, due to 
thickening of the barrier layer at preferred sites possibly related to impurities or a sub-
structure of the substrate. The electric field is therefore concentrated at the thicker regions 
of the film enabling them to grow and also increase in number followed by their merging, 
with thin regions of film remaining between them. The electric field subsequently 
increases beneath the thin regions of the film leading to concentration of current density 
that establishes pores, some of which eventually develop into the major pores 
characteristic of the steady growth of a porous film. As is well known, the film forms by 
ionic transport of anions and cations across the barrier layer section: the film material 
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forms at the aluminium/film interface associated with inward migration of O2-/OH-
anions. The counter migrating Al3+ species in the barrier layer are ejected to the 
electrolyte without forming solid material. Therefore no mechanism is present to heal the 
penetration pathways that finally develop into the pores of the porous film. Thus, the 
local field strength increases beneath the penetrations, promoting their development 
under field-assisted dissolution, which involves polarisation of the Al-O bonds to allow 
the Al3+ ions to dissolve more easily than in the absence of the field. The electrostriction 
pressure calculated below fine penetration paths has been estimated as 19 x 107 kg/m2, 
with a much lower values of 21 x 104 kg/m2 between penetration paths. On comparison 
with the critical compressive stress of the anodic oxide (about 107 kg/m2), the high values 
underneath the paths of penetration give credence to Al-O bond polarization and 
weakening, as suggested for field-assisted dissolution. The chemical dissolution rate of 
alumina films in the absence of electric field might proceed at ~ 0.1 nm/min at room 
temperature whereas, under field-assisted dissolution, the rate increases to ~ 300 
nm/min[308]. 
The development of the pores results in the concentration of both the electric field and 
ionic current flow underneath the major pores. This concentrated electric field implies 
continued inward migration of O2-/OH- ions to form film material at the aluminium/film 
interface and outward migration of Al3+ ions. Because of the presence of concentrated 
electric field underneath the pore bases and the low electric field between the pore 
regions, localized scalloping at the aluminium/film interface develops; eventually the 
scalloped regions merge, resulting in the steady porous morphology[308].  
During steady porous film formation, a thin barrier layer of oxide is located between the 
cell bases and the aluminium substrate. The geometry of the cell focuses the current 
through the oxide at the pore bottom. At the base of the cell, the electric field is uniform 
and has the highest value, since the path between the aluminium and the electrolyte is the 
shortest at the cell base. The part of the barrier layer at the periphery of the pore bottom is 
not further developed by the electric field, and becomes a portion of the cell wall. 
Consequently the cell walls and pores increase in lengthen, i.e. the film thickens, whereas 
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the cell and pore diameters remain constant. The diameters of the cell and the pores 
remain constant because of the constant thickness of the barrier layer which maintains a 
constant electric field.  
During the steady growth of a porous anodic film, the anodic film parameters i.e. barrier 
layer thickness, pore diameter and interpore distance, do not change with increased time 
of anodizing. This is due to the self-adjusting situation, namely any tendency for increase 
or decrease in pore diameter is controlled by consequent increase or decrease in the 
curvature radius of the pore bottom. Thereby the film growth takes place at a constant 
rate, being determined by the average field. Eventually the film formation is balanced by 
the field-assisted dissolution at a rate controlled by the local field associated with the 
radius of curvature of the pore base[308].     
4-2.1 The morphology of the film surface
From the description in section (1-2) of chapter (1), porous-type films consist of two 
regions; an inner region with a thin compact barrier layer next to the aluminium substrate 
and an outer region of relatively thick and regular porous film material. It was shown that 
the morphology of the porous region of the film comprises a close-packed array of 
hexagonal cells with each cell having a hemispherical base, with a circular pore in the 
cell centre. The cells extend from the film surface to the barrier layer, which is located 
next to the aluminium substrate. The parameters of the porous anodic film such as 
thickness of barrier layer, pore diameter, cell size and thickness of the porous region 
depend on many factors including temperature, type and concentration of electrolyte, 
current density, time of anodizing and agitation of the electrolyte. The thickness of the 
barrier layer, pore diameter and cell size are proportional to the anodizing voltage, 
whereas the thickness of the porous region is dependent on the anodizing charge passed. 
The ratio of the barrier layer thickness to the anodizing voltage is constant during steady 
growth of a porous film, with a value of about 1 nm/V for films fabricated in sulphuric 
acid[48]. This ratio reduces with an increase of electrolyte temperature and rises with 
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increasing acid concentration[48-50]. Also the diameter of the cell is affected slightly by the 
concentration and the temperature of electrolyte.  
The pore diameter in the outer regions of the film increases with increased time of 
anodizing due to chemical dissolution in the electrolyte[53] i.e without significant 
influence of the electric field. Moreover, the pore shape at the film surface is not circular 
due to the influence of the original surface texture of the substrate, plus influences of 
chemical dissolution by electrolyte[53].  In the present results, an increased electrolyte 
temperature at a given current density resulted in a reduced forming voltage, which 
agrees with previous results[53] and consequently leads to a reduction in the thickness of 
the barrier layer[53]. The effect of increased temperature results in increased pore 
diameters and merging of adjacent pores[53]. The interpore distance is increased at low 
temperature which relates to a higher anodizing voltage[53] in agreement with present 
results, see table (3-7.1.1). 
The present SEM investigations revealed the surface morphologies of the films formed 
over range of current densities at 0 and 20 0C for different anodizing times, as presented 
in sections (1-2) and (1-3) of chapter (3). The film morphology consists of a network of 
ridges and furrows, which reflects the pattern of the cellular of texture on the topography 
of the electropolished aluminium substrate, which agrees with previous works[43,44], see 
figure (3-3.16)(a)-(b). The appearance of the network is identical to that of an 
electropolished metal surface, which reveals a dependence on the prior metal grain 
orientation i.e. with grains of (110) giving furrows and cell like pattern (100) orientation. 
The development of the thicker film material takes place above ridges of the 
electropolished metal surface, which are initially present at the boundaries of the cells 
introduced by electropolishing. Continuation of anodizing leads to further growth of the 
locally thicker material and barrier layer, and a flattening of the initially ridged metal/film 
interface as result of this more rapid growth at the ridges. Formation of pores then occurs 
within preferred cells, resulting in a markedly scalloped appearance of the metal/film 
interface. Further anodizing leads to the width of the scalloped metal underneath the 
barrier layer rising, as does the diameter of the pore base in order to maintain a uniform 
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barrier layer thickness. Finally the scalloped regions merge and create the steady porous 
film morphology[43,44]. The network of ridges and furrows contains pores; some of these 
pores develop into major pores, but others are surplus to the requirement of the electric 
field and cease to function[53]. In the current results, the furrows width or ridges 
separation on the film surface at a given temperature is non uniform, and does not change 
with change of current density or of anodizing time. However, there is possibly a small 
influence of temperature of the anodizing electrolyte, with the separation of ridges or the 
width of furrows increasing slightly with decrease in temperature, see tables (3-3.1) and 
(3-4.2). The morphology of the film surface disclosed also linear features that appeared to 
consist of cavity-like regions, with a population density that increases as the temperature 
of anodizing electrolyte rises as shown in figures (3-3.1) to (3-4.15). This increase of 
population density of cavities may imply a role of chemical dissolution, which is 
enhanced by increased temperature. 
The outer surface of films formed at 0 0C at 20 mA/cm2 for 5400 s and 30, 40 and 50 
mA/cm2 for different anodizing times also contained nodules. The nodules form on 
aluminium under specific anodizing conditions i.e. catastrophic local flow of current on 
the anodizing aluminium surface causing high local temperature[200-203]. In acidic 
electrolytes, for example sulphuric or phosphoric acid, the nodule appears as a whitish 
spot on the film surface.[161,200] The local heat is generated from the passage of ionic 
current across the highly resistive oxide film. This local heat increases with increase of 
electric field, current density or voltage. Dissipation of local heat depends on the 
conductivity of the aluminium and the convection of the electrolyte, and hence the 
agitation system employed. The heat transfer, unlike heat alone, controls the burning, 
such that enhanced cooling by a decreased temperature of the bulk electrolyte only 
aggravates burning.[200,202,203] The appearance of the nodule is associated with deflections 
and minor fluctuations in the initial reduction of the anodizing voltage, which 
corresponds to the increase in local temperature in the burning area and decrease of 
temperature in non-burning area[316]. In the present results for films fabricated at 0 0C at 
20, 30, 40 and 50 mA/cm2, the presence of nodules coincides with approximately similar 
features of the voltage-time transient behaviour i.e. the nodules appears when the 
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anodizing voltage reduces slowly to the steady state region provided that the final 
anodizing voltage is higher than 23 V, which is approximately in agreement with 
previous work of Tim el at[316]. The shape of the voltage-time response in the early 
figures of anodizing is a more significant indicator of nodule formation than the value of 
the final voltage. This shape is dependent on the anodizing temperature i.e. at high 
temperature, the minimum voltage lies significantly below the subsequently achieved 
steady value and no nodule growth occurs although the value of the final anodizing 
voltage is high. In the present results, nodules formation is dependent on the different 
types of the valleys in the differentiated curves, see figures (4-7.1) to (4-7.5) as also 
revealed in previous work[317]. The nodule growth is linked to change of the valley in the 
∆V/∆t-time transient i.e. the ∆V/∆t after the valley “negative peak” rises to reach the 
steady value with low slope and without passing the steady region of the ∆V/∆t. In fact, 
the shape of voltage-time or ∆V/∆t-time is a good indicator of the presence of nodules 
with anodizing specifically at high current density rather than at low current density.        
4-2.2 The composition of the alumina films 
The composition of the porous anodic alumina was determined by RBS for films formed 
to an approximately constant charge density (2.5 C/cm2) in 24.5 wt % sulphuric acid at 0 
0C, using current densities of 5, 10, 20, 30, 40 and 50 mA/cm2 for anodizing times of 500, 
250, 125, 83, 62.5 and 50 s respectively. Films were also fabricated at 20 0C at 5 and 50 
mA/cm2 for 500 and 50 s respectively. The chemical composition of the porous-type 
films formed in sulphuric acid has been previously investigated[52,57,58,73-76]. The 
negatively charged sulphur species derived from sulphuric acid electrolyte are 
incorporated to about 95 % depth into the barrier layer and the cell wall thickness[194]. 
The sulphate anions migrate inward under electric field at a slower rate than that of O2-
/OH- ions. Consequently, a thin sulphate-free layer is present next to the aluminium/oxide 
interface. The sulphur species are present as SO42-[88,315,318-320]. The typical levels of 
sulphur incorporated at the pore base expressed as SO42- and SO3 are 10-18 and 8-13 wt 
% respectively. The amount of sulphate generally increases with decrease of electrolyte 
temperature and with increase of current density[75,81], which is mainly in agreement with 
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present results of RBS, see tables (3-9.5) and (3-9.7). The films fabricated at 0 0C were of 
dark-yellow appearance and become darker with increase of current density from 30 
mA/cm2 to 50 mA/cm2 and with increase of anodizing time. However, films formed at 20 
0C appeared approximately colourless except for those formed at 50 mA/cm2, which were 
light-yellow particularly with increase of anodizing time. However, the difference in the 
appearance is possibly related to the porosity or/and density of the film rather than the 
film composition[158].       
4-3 The self-ordered hexagonal nanopores arrays  
Pore initiation is usually attributed to electric field-assisted chemical dissolution of 
alumina film at the pore base. However recently, the generation of pores has been 
associated with the flow of film material underneath the pore base region towards the cell 
wall region. The flow of material results from growth stresses and field-assisted plasticity 
of the film material. The high electric field associated with high current densities 
produces self-ordered alumina films with great efficiency, consequently the rapid oxide 
formation is considered to lead to a compressive stress at the barrier layer due to oxide 
also being grown in neighbouring cells at similar rate. The positions of pores are 
organized by the compressive forces until a hexagonal close-packed arrangement is 
achieved, decreasing the strain between the cells[160]. Mechanical stress results in self-
ordering of the hexagonal nanopore arrays. The interacting repulsive forces between the 
neighbouring cells enhance the production of the ordered hexagonal pore arrays. The 
repulsive forces possibly arise from mechanical stress that is associated with the 
expansion during oxide formation at the aluminium/oxide interface i.e. the expansion of 
the film produces mechanical stresses which in turn cause repulsive forces between the 
neighbouring cells. The repulsive forces rise as expansion increases with increase of 
electric field, due to the high speed formation of oxide at the pore base. Therefore, the 
strong repulsive forces under a high electric field limit the transverse growth of oxide 
cells and force them into a more ordered arrangement. The present SEM results show that 
an hexagonally self-ordered pore arrangement is promoted with increase of current 
density, which suggests that the expansion in terms of the repulsive forces plays an 
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important role in self-ordered hexagonal pores arrays. Muller[147] claimed that the 
optimum film expansion for the best self-ordered pore arrays formed under constant 
voltage is 1.4 regardless of the electrolyte. He suggested that if the expansion factor is 
lower than or equal to 1 the repulsive forces are too small to promote the ordering of the 
pores, and if the value is larger than 1.4 the mechanical stress causes cracks on the 
anodized aluminium surface giving irregular pore growth.  However, the self-ordered 
nanopore arrays of the present films are not limited by a certain value of the expansion 
factor for the film, in contrast with Muller[147]. With increase in anodizing time, the self-
ordering of pores increases which agrees with the previous results[145], i.e. high hexagonal 
self-order is achieved at the base of the film that show the pore order increases with 
increase in current density and decrease of electrolyte temperature. Also for alumina 
films fabricated by hard anodizing, self-ordering of pore arrays is greater than that in 
mild anodizing, which is compatible with the current results. Since the anodizing voltage 
is higher in hard anodizing than that in conventional anodizing, this also supports the idea 
that a self-ordered pore arrangement is obtained from the repulsive forces that arise from 
the expansion of the film, which are higher in hard anodizing associated with the high 
electric field. The sulphur within the film may play some role in the self-ordering of pore 
arrays, for instance by promotion of the plasticity of the alumina film.    
In the present results, the porosity was examined by SEM using ultramicrotomed sections 
of the films. The porosity is a function of the pore diameter, the inter pore distance and 
the pore population density. The interpore distance and pore diameter are proportional to 
anodizing voltage[53]. In the present findings, the pore population density is inversely 
proportional to the anodizing time and current density, and is smaller for films fabricated 
by hard anodizing, as shown in tables (3-7.1.1) and (3-7.1.2). Moreover, the pore 
population is decreased by increasing the anodizing voltage, which rises with increasing 
current density, in agreement with previous results[292]. The pore diameter and the 
interpore pore distance at given current density are larger in hard anodizing conditions as 
a consequence of the increased anodizing voltage, as revealed in tables (3-7.1.1) and (3-
7.1.2). In the present results, the porosity increases with increase of current density and 
increase of temperature i.e. it extends from 10 % at 5 mA/cm2 to 17 % at 50 mA/cm2 for 
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hard films and in the range from 11 % to 21 % at 5 and 50 mA/cm2 respectively for films 
formed at 20 0C as shown in tables (3-7.1.1) and (3-7.1.2). Previous work[293] found that 
anodic films formed on aluminium at 4 A/dm2 in 15 % sulphuric acid at 1 0C for 1800 s 
had a porosity of 10 % - 14 % and at 30 0C the resultant porosity was 24 % - 26 %, which 
is much higher compared with present results possibly due to the different method of 
measuring porosity and differing anodizing conditions. The porosity obtained by the 
reanodizing method was found to be little higher compared with the value from 
ultramicrotomy sections, which might be due to effects of nodules and cracks in the 
films, see tables (3-8.1.1) and (3-8.1.2). However in the present results, the porosity 
achieved following chemical dissolution in phosphoric and chromic mixture was found to 
be high in the range from 19 % to 41 % at 0 0C and from 33 % to 54 % at 20 0C for films 
formed at 5 and 50 mA/cm2 respectively, associated with widening of the pores.    
4-4 The efficiency of the film growth and influence of anodizing parameters
The film growth efficiency is affected by various anodizing factors, including electrolyte 
type, temperature, pH and current density. As the current density used for anodizing is 
decreased the slope of the voltage-time transient shows a proportionate reduction. At a 
given current density, the slope is also reduced by a decrease in the efficiency of film 
growth. Hence, below a specific current density, an increased magnitude of charge 
density is required, by prolonging the time of anodizing, to obtain the required film 
thickness and final voltage. While the efficiency might approach 100 % in terms of 
charge passed, for films fabricated in a neutral electrolyte, the efficiency is reduced 
considerably with low pH electrolytes eg. sulphuric acid and phosphoric acid and at 
reduced current density. At the critical current density, when a porous film can be 
formed, the effective transport number of cations in the film is zero, and all Al3+ ions are 
lost to the electrolyte by field–assisted ejection. In a xenon marker experiment, the 
implanted xenon is positioned adjacent to the film/electrolyte interface. When using an 
acid electrolyte of progressively lowered pH, an increase in time of anodizing and hence 
charge passed is required to achieve the final film thickness and final voltage[308,321].  
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With a neutral electrolyte, all outwardly mobile Al3+ cations form solid film material at 
the film/electrolyte interface, however with reducing pH, some outwardly mobile Al3+ 
cations are ejected into the electrolyte, and with further reduction in pH electrolyte, all 
the Al3+ cations are lost into electrolyte at the pore bases. The resultant film sections in 
xenon marker experiments reveal that the xenon marker moves outwards towards the 
film/electrolyte interface as the efficiency reduces, indicating a progressive reduction in 
the transport of aluminium cations contributing to film formation at the film/electrolyte 
interface. There is then a value of electrolyte pH combined with a corresponding critical 
current density, below which, no film formation takes place by migration outward of Al3+
ions. With increased pH and current density, the film may partly form by Al3+ ion 
migration at film/electrolyte. Chemical dissolution might partly contribute to a decrease 
of film thickness, but in this case the chemical dissolution is negligible: loss of the 
aluminium ions in the electrolyte is related solely to direct ejection. The absence of 
chemical dissolution may be tested by a reanodizing a film formed at 60 % efficiency, i.e. 
the marker remains at the same position.  However, chemical dissolution might have a 
significant role at higher temperature. At the critical current density, the film develops 
only at aluminium/film interface by inward migration of O2- and OH-[308]. The ejection of 
all Al3+ ions is necessary condition for forming of porous film, otherwise any outwardly 
mobile Al3+ ions would heal any developing or embryonic pores. For most anodizing 
electrolytes, the formation of barrier-type film or porous-type film is controlled by the 
relationship between current density and bulk electrolyte pH[308] i.e. porous film growth is 
promoted by a decrease in current density at a given pH and by a decrease in pH at a 
given current density, unlike the barrier film formation which takes place with an 
opposite trend, namely at a given pH value, there is critical current density below which a 
porous film is formed, as shown in figure (4-6). 
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The efficiency of porous film growth is associated with the proportion of the ionic current 
carried by the Al3+ ions, which is associated with ejection of Al3+ ions to the 
electrolyte[199]. The efficiency determined in the present work from the ratios of the 
charge associated with the oxygen content in the film and the charge passing during 
anodizing the sputtering-deposited aluminium layers extends over the range of 69 % and 
74 % for films formed at 0 0C, and 62 % and 68 % for films fabricated at 20 0C at 5 and 
50 mA/cm2 respectively i.e. the efficiency increases as the current density increases at a 
given temperature. Moreover, the efficiency increases with reduction in temperature at a 
given current density. In the present work, the dependence of the efficiency of porous 
film growth on current density suggests one of two possibilities[199]: firstly, in the case 
that transport numbers of ions in the film are constant and do not change with current 
density, as in barrier type-films[322], that the porous type-film can occur even with very 
low loss of outwardly mobile aluminium cations to the electrolyte i.e. loss of all 
outwardly mobile aluminium cations is not required; secondly, in the case that ejection of 
Figure (4-6). Schematic diagram revealing the relationship between electrolyte pH 
and current density for the formation of barrier or porous-type anodic films[308]. 
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all aluminium cations to the electrolyte is required for porous film formation, that the 
transport number is not relatively constant, as in barrier-type films[322], but changes with 
current density, i.e. the transport number of Al3+ ions reduces as the current density 
increases as shown in previous work[323] for anodizing in 0.5 M H2C2O4 + 0.25 M 
Al2(C2O4)3. In the present results, efficiencies of 69 % and 74 % are achieved at 5 and 50 
mA/cm2 indicate 31 % and 26 % loss of Al3+ ions from the film respectively. In the case 
that transport numbers are different in porous-type films, this difference in transport 
numbers might be linked to influences of the geometry of porous-type film, the stresses 
in the film, the composition of the film, the sites of film growth, the change in density of 
barrier layer material and flow effects[323,324]. The geometry of the porous film leads to 
make the rate of Al3+ ion migration faster at the pore base due to the increased electric 
field. The mechanical stress gradients at the aluminium/oxide interface associated with 
volume expansion may also affect the ionic transport numbers, resulting in viscoelastic 
creep of the material oxide[324]. Further, the stress in barrier-type films shifts from the 
compressive to the tensile as the applied current density increases[324]. The sites of film 
growth may also be influenced by the presence of sulphur, formation of units of 
Al2(SO4)3 at the contaminated/pure oxide interface; sulphur may also promote plasticity, 
which may affect transport number[324]. It has also been proposed from mathematical 
analysis that the density of oxide across the barrier layer rises towards the 
oxide/electrolyte interface i.e the spacing of aluminium atoms decreases with distance 
from the aluminium/oxide[323] with the rise in the oxide density leading to mechanical 
stress. Developed model by Patermarakis[323] found the density of oxide of the barrier 
layer varied between the metal/oxide interface to the electrolyte/oxide interface from 2.6 
to 5.2 g/cm3 leading to incorporation of anions within the barrier layer despite their large 
size. The concentration of acid electrolyte increases the concentration of incorporated 
acid anions, which have negligible influence on transport number of anions in terms of 
transport number of cations, however transport number of cations and anions are only 
dependent on applied current density and anodizing temperature, i.e the transport number 
of cations rises with increase of the current density and with decrease of the temperature, 
moreover the electro-restriction stress increases from the metal/oxide interface towards 
the electrolyte/film interface since then electric field which rises towards the 
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electrolyte/metal interface. The flow of film material beneath the pore base across the 
barrier layer towards the cell wall regions may also affect the ionic transport numbers[199].   
4-5 Pore development by flow model 
The ratio of the film thickness to that of the oxidized aluminium depends on the Pilling-
Bedworth ratio, the anodizing efficiency and the porosity of the film. In the present 
results, at a given anodizing temperature, an increase of the volume expansion factor 
results from an increase in the current density. At a given current density, the volume 
expansion factor and anodizing voltage decrease with increase of temperature, which 
agrees with Vrublevsky at el[198,325] who studied the effect of current density and 
temperature on films formed individually in sulphuric acid at 18 and 22 0C and in oxalic 
acid at 20 and 24 0C, found at given current density, the slope of expansion factor-voltage 
response is higher than that in oxalic acid, otherwise the expansion factor of film 
fabricated in sulphuric acid is greater than that for film formed in oxalic acid because of 
the differing in incorporated species electrolytes in the films namely, 2.4 wt % oxalate in 
films formed in oxalic acid compared with 12-14 % sulphate for films formed in 
sulphuric acid[308]. The high value of expansion factor is associated with high rate of 
formation as in a study of Thompson[315] who found the formation rate of films fabricated 
in sulphuric acid with thinnest relatively pure alumina thickness is higher than that for 
films formed in oxalic acid, where the relatively pure alumina thickness is greater. The 
existence of two regions in the barrier layer of porous alumina film with different local 
electric-field strength can be related to arising of the negative immobile space charge in 
the contaminated acid anions oxide layer. The formation of the negative immobile space 
charge is due to the trapping of injected electrons in the anion acid contaminated oxide 
layer. The rise of the volume expansion factor with increase of the current density and 
with decrease of the anodizing temperature can be partially attributed to the amount of 
incorporated acid anion “sulphur” i.e sulphur content increases as the current density 
increase and as the temperature decreases. The volume expansion factor is linearly 
dependent on the anodizing voltage[198], as found in the present findings that reveals in 
figure (3-6.2.7). The formation of the porous-type film is usually linked to critical 
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anodizing conditions at which outward migrating Al3+ ions are exclusively ejected to the 
electrolyte under the high electric field[123]. Thus, the efficiency of porous film is related 
to the proportion of the ionic current carried by the Al3+ ions that is lost to the electrolyte. 
According to the transport numbers of Al3+ and O2- ions in barrier-type films i.e. ~ 0.4 
and ~ 0.6 respectively, with a film density of 3.1 g/cm3[326]. It is expected that pore 
generation should occur at an efficiency of ~ 60 % at the critical anodizing conditions for 
all Al3+ ions to be lost to the electrolyte. A further reduction in the efficiency might be 
expected as result of pore formation related to extra losses of alumina by field-assisted 
dissolution[53,189]. Such behaviour appears to occur for porous-type films formed in borax 
and chromic acid electrolytes, with an efficiency of ~ 50 % and with a volume expansion 
factor of ~ 1.0[307]. However, of relevance to the current findings, the efficiency of 
anodizing rises from 69 % to 74 % at 0 0C and from 62 % to 68 % at 20 0C between 5 and 
50 mA/cm2 respectively, with respective values of volume expansion factors of 1.45 and 
1.88, and 1.42 to 1.66. Therefore the pore generation is consistent with a flow model 
rather than dissolution due to the thickness of the film being greater than that of the 
consumed aluminium which is in agreement of previous work[199]. Further evidence for 
the flow model from previous work on the distribution of species electrolyte incorporated 
into the barrier layer of the porous film[199] and the behaviour of incorporated tungsten 
species distribution into the cell walls during anodizing of aluminium sputtering-
deposited layer with a buried tungsten band[196,197,327]. 
The pore generation is associated with the mechanical stresses due to electrostrictions and 
volume expansion during rapid growth of the film which promotes the flow of material of 
the barrier layer from beneath the pore base towards the cell walls. The flow is assisted 
by plasticity of oxide material, which results from ionic transport processes[196,197]. The 
development of pores by either flow or dissolution is dependent on the absence and the 
presence of the incorporated anion species in the films, i.e. flow of porous-type films is 
found to be associated with presence of the incorporated anions species, i.e. for films 
formed in sulphuric[291], oxalic and phosphoric[199,328] acid electrolytes. However, the 
dissolution model appears to be related to the absence of the incorporated anions species, 
i.e. in films fabricated in borax and chromic acid electrolytes[307].       
349
4-6 Hardness and elastic modules    
The current results reveals that the hardness of film cross-section reduces with increasing 
distance from the aluminium/oxide interface for all films in agreement with earlier 
findings[312], because of the degradation of the film by electrolyte attack i.e. a low 
hardness reflects a high degree of degradation and a high degree of porosity in the film. 
The reduction of hardness from the aluminium/oxide interface to the oxide/electrolyte 
interface increases with increase of the anodizing temperature and the anodizing time, 
due to the increase of the degradation, which agrees with previous results[312]. This is in 
agreement with previous study of porous film formed on aluminium[315], which interprets 
the rise of porosity by the chemical dissolution of the films material during film growth. 
The present results imply that the solubility of the film material in the electrolyte rises 
with increase of temperature and anodizing time[312]. The present results support the 
previous findings that the outer third of the film thickness has a low hardness and low 
elastic modules which might due to the increased porosity of this region[312].    
The influence of current density on the hardness and the elastic modules measured on the 
film surfaces is relatively small for films formed at 0 0C. However, they increase with 
increase of current density for films formed at 20 0C in agreement with films fabricated 
on aluminium in ammonium pentaborate at 20 0C[312]. This implies that the degradation of 
the film is affected by current density at high temperature but is insignificant at low 
temperature. In agreement with previous results[312], the present findings show low 
hardness and low elastic modules at high anodizing temperature. 
Generally, the findings of the study show a significant influence of both the current 
density and the anodizing temperature on the relative film thickness, with values ranging 
from about 1.4 to 1.8, increasing with reduction in electrolyte temperature and increase of 
the anodizing current density. The increases also correlate with increases in the anodizing 
voltage during steady film growth. The expansion film was independent of the time of 
anodizing to the accuracy of the measurements. The film analyses were consistent with a 
film composition that could be expressed as Al2O3.xAl2(SO4)3, with x depending upon 
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the conditions of anodizing. The film analysis revealed that the sulphur content increases, 
with increase in current density and decrease in electrolyte temperature, correlating with 
the changes in the relative film thickness. The changes in the sulphur content with change 
of the anodizing conditions were relatively small, for example about a 10 % increase 
occurred over the current density range 5 to 50 mA/cm2, although this may be sufficient 
to influence film properties, such as transport numbers of ions in the barrier region and 
flow of film material. Relating to hardness tests, the films showed an expected softening 
toward the film surface, which increased with increase of the anodizing time and the 
temperature of the electrolyte, which is consistent with an increasing chemical 
degradation of the outer regions of the film by the electrolyte. However, observations of 
the film surface showed a topography that originates from the cellular texture of the 
original aluminium surface, prior to anodizing, indicating that thinning of the films was 
insignificant under all of the chosen anodizing conditions. In addition, the film surface 
showed local regions attributed to burning near the start of anodizing, evident as conical 
protrusions at the film surface, with locally cracked and layered film. These nodules 
features were observed only at low anodizing temperature (0 0C) and at higher current 
densities (from 20 to 50 mA/cm2). The presence of local burning did not affect the 
measurement of the relative film thickness, since they contributed relatively 
insignificantly to the final thicknesses of the films.  
Secondary voltage rises occurred in some anodizing conditions during formation of the 
anodic films, dependent upon the current density and the temperature of the electrolyte. 
Such voltage rises were significant at 20 °C for current densities of 40 and 50 mA cm-2, 
and at 0 °C for current densities of 20 to 50 mA cm-2. For a given time of anodizing, the 
increment in voltage was increased at reduced temperature and increased current density. 
However, the ratio of the film thickness to consumed aluminium thickness was not 
affected significantly by the voltage rise to within the accuracy of the measurements. 
The variable ratio of the oxide thickness and the oxidized aluminium thickness, with 
change in the anodizing conditions, may arise from either an increase in the film porosity 
under a constant efficiency of film growth (assuming a flow model) or an increase in the 
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efficiency of film growth for a constant film porosity (for either a flow or dissolution 
model), or a combination of the two factors. In the present work, the porosity of the film 
was found to change by a relatively small amount with change in the anodizing 
conditions. In contrast, the efficiency of film growth was significantly dependent upon 
the conditions of anodizing, increasing with increase of the current density and with 
decrease in the electrolyte temperature, suggesting that this dependence plays a major 
role in determining the film thickness for a given charge density passed through the cell. 
The dependence of the efficiency on the anodizing conditions is possibly related to a 
change in the transport number of ion species within the barrier layer of the porous films, 
if it is assumed that the loss of film species to the electrolyte is primarily a result of field-
assisted ejection of Al3+ ions at the pore bases. If the critical condition for porous film 
formation requires that no film material is formed at the film/electrolyte interface, a 
decreasing contribution of cation transport to the total ionic current is indicated with 
increase of the current density and decrease of the electrolyte temperature, which 
correspond to conditions of increasing electric field. 
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                                                          Chapter 5 
                                                         Conclusions 
1- Porous anodic films can be fabricated on electropolished aluminium in 24.5 wt % 
sulphuric acid electrolyte at constant current density in range 5, 10, 20 mA/cm2
for 5400 s, and 30, 40 and 50 mA/cm2 for differing times 1000, 3000, 4000 and 
5400 s at 0 and 20 0C. The stability of the steady voltage is affected by the 
increase in current density and anodizing time and the decrease of anodizing 
temperature. The surfaces of the anodic films reveal a network of ridges and 
furrows that correspond to the pattern of the cellular of texture on the topography 
of the electropolished aluminium substrate, the pattern suggesting mainly (110) 
and (100) grain orientations in the substrate. The retention of the topography may 
imply that there is no significant thinning of the film. At a specific anodizing 
temperature, the width of furrows and separation of ridges have a range of values 
but do not change with current density or anodizing time. Films formed on 
electropolished aluminium substrates at 0 0C at 5, 10 and 20 mA/cm2 for 5400 s 
are colourless, however films fabricated at 30, 40 and 50 mA/cm2 for 1000, 3000, 
4000 and 5400 s are of dark-yellow appearance, which is enhanced with increase 
of current density and anodizing time. Films formed under the same anodizing 
conditions but at 20 0C are colourless, except for films fabricated at 50 mA/cm2, 
which have a light-yellow appearance that becomes much darker with increase of 
the anodizing time.  
   
2- Nodules appear on the surface of the anodic films formed on electropolished 
aluminium at 0 0C at constant current densities of 20, 30, 40 and 50 mA/cm2 for 
5400 s, and at 30, 40 and 50 mA/cm2 for different times namely 1000, 3000 and 
5400 s. Nodules are also present for films formed on sputtering-deposited 
aluminium at 20 mA/cm2 to 50 mA/cm2 for short anodizing times. The shape of 
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the voltage-time response is an indicator of nodule growth, where the voltage 
after the peak value reduces with low slope to a steady value without passing 
through a minimum value of voltage. Alternatively, in the differentiated response, 
the valley or the negative peak in ∆V/∆t is wide and ∆V/∆t  increases to zero 
without passing through the steady region. At a given current density, nodule 
formation is dependent on the temperature of anodizing rather than the value of 
final voltage. The anodic films formed under the same anodizing conditions, but 
at 20 0C, have no nodules although the final voltage is relatively high. The 
influence of the nodule thickness is under estimation for expansion factor.    
3- For porous anodic films fabricated on sputtering-deposited aluminium layer at 0 
and 20 0C. The composition of the porous films can be expressed as 
Al2O3.xAl2(SO4)3 with the amount of sulphur species increasing slightly with 
increase of the current density. Moreover, at a given current density, the sulphur 
content increases as the temperature reduces, particularly at low current density. 
The density of the films increases slightly with increase of current density and 
decrease of electrolyte temperature e.g. the values ranging from 2.72 g/cm3  to 
2.80 g/cm3 at 5 mA/cm2 and 50 mA/cm2 respectively for films fabricated at 0 0C, 
and 2.66 g/cm3  to 2.72 g/cm3  for films fabricated at 20 0C respectively.   
4- The porosity increases as the current density, anodizing time and temperature 
increase. The porosity measured from ultramicrotomed sections lies in the range 
from 10 % to 17 %  at 0 0C and 11 % to 21 % at 20 0C for anodic films formed at 
5 mA/cm2 for 1000 s and 50 mA/cm2 for 5400 s respectively. For anodic films 
fabricated at 50 mA/cm2 for 200 s and 5400 s the porosity rises with increase in 
time from 12 % to 17 %  respectively at 0 0C and from 13 % to 21 % respectively 
at 20 0C. The population density of pores reduces with increase in anodizing 
voltage, which is associated with an increase in the applied current density. The 
pore diameter and inter pore distance rise as the current density increase and are 
higher in hard films. The porosity obtained by the reanodizing method is higher 
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than that achieved by ultramicrotomed sections, possibly due to cracks or defects 
on the films, which extends in the range from 10 % to 17 % at 0 0C and from 12 
% to 19 % at 20 0C for films fabricated at 5 and 50 mA/cm2 for 1000 s 
respectively.   
5- The average of the expansion factors of the anodic films, determined by SEM, 
increases with increase in current density from about 1.58 ± 0.12 and 1.45 ± 0.09 
at 5 mA/cm2 to about 1.88 ± 0.09 and 1.66 ± 0.06 at 50 mA/cm2 for both 
temperatures (0 and 20 0C) respectively. Moreover, the average of the expansion 
factor obtained by TEM for anodic films formed at 0 and 20 0C, rises from around 
1.57 ± 0.06 and 1.42 ± 0.08 at 5 mA/cm2 to about 1.78 ± 0.08 and 1.67 ± 0.08 at 
50 mA/cm2 respectively. The expansion factor (SEM) increases with decrease of 
electrolyte temperature by about 8 – 12 % for a temperature reduction from 20 to 
0 0C at given current density. 
6- The efficiency of anodizing obtained from the average film expansion, the oxygen 
concentration in the film and the aluminium concentration in the oxidized 
aluminium substrate, increases with increase in current density and decrease in 
anodizing temperature i.e it lies in range 72 % to 87 % for films fabricated at 0 0C 
and 66 % to 75 % for films formed at 20 0C at 5 and 50 mA/cm2 respectively. 
7- Self-ordering of nanopore arrays for anodic films formed at differing current 
densities for various anodizing times at 0 0C is higher than that for anodic films 
fabricated at 20 0C, which implies that the anodizing voltage and the expansion 
factor of the film play key roles in ordering of pores. The results confirm a strong 
dependence of self-ordering of hexagonal nanopores on the applied current 
densities i.e. ordered nanopores arrays increase with increase of current density. 
The repulsive forces due to mechanical stress, which are related to film expansion 
during oxide growth at the aluminium/oxide interface, limit the transverse growth 
of film cells and constrain them into ordered arrays. The repulsive forces increase 
with increase of expansion factor according to an increasing applied current 
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density. The self-ordering of nanopores arrays is not controlled by a specific value 
of expansion factor of the film contrary to the suggestion by Muller[365], but it 
increases as the expansion factor rises associated with increase of current density. 
Increase of anodizing time also promotes the self-ordered pore arrangements. 
8- Microhardness investigations, using cross-sections of the porous anodic films 
grown at 5, 10, 20, 30, 40 and 50 mA/cm2 for various anodizing times of 1000, 
3000, 4000 and 5400 s show that the hardness depends on the depth within the 
oxide. The hardness of the film reduces as the distance increases from 
film/aluminium interface due to the chemical degradation that occurs in the outer 
region of the film during anodizing process, which rises as the anodizing time and 
temperature increase.  
9- Nanoindentation of surface of anodic films fabricated at 5, 10, 20, 30, 40 and 50 
mA/cm2 for anodizing time 5400 s at 0 0C showed that the hardness and elastic 
modulus are relatively independent of the selected anodizing conditions, with 
values of about  ∼ 5.5 ± 0.55 GPa and ∼ 108 ± 7 GPa respectively unlike those for 
films formed at 20 0C for values of both parameters which rise linearly with 
increase of current density. The influence of anodizing time on the hardness and 
elastic modules was determined for films formed at 30, 40 and 50 mA/cm2 for 
differing times. The values reduce with increased time for films fabricated at 20 
0C, which indicates the role of chemical degradation that is promoted by increased 
temperature, unlike those for films formed at 0 0C which are approximately 
constant. For films grown at 0 0C, the mean standard deviation of hardness and 
elastic modules is greater than those of oxides fabricated at 20 0C. The increased 
deviation may be due to a relatively high roughness and low homogeneity of the 
hard films and the existence of flaws.     
10- Pore generation in the anodic films is suggested to be due to flow of film material 
beneath the pore base towards the cell walls. The flow is promoted by plasticity of 
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the oxide material which arises from ionic transport process, and mechanical 
stress due to electrostriction and volume expansion during growth of the oxide.  
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Figure (3-10.1). Profile micrograph (from interferometry) of measurement the height and the 
width of anodi alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
Figure (3-10.2). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
Figure (3-10.3). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
Appendix 
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Figure (3-10.4). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 4000 s. 
Figure (3-10.5). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 4000 s. 
Figure (3-10.6). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 4000 s. 
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Figure (3-10.7). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.8). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.9). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 30 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.10). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 1000 s. 
Figure (3-10.11). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
Figure (3-10.12). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
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Figure (3-10.13). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 4000 s. 
Figure (3-10.14). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.15). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.17). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.18). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.16). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
363
Figure (3-10.19). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.20). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.21). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.22). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 40 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.23). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 1000 s. 
Figure (3-10.24). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
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Figure (3-10.25). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for3000 s. 
Figure (3-10.26). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
Figure (3-10.27). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
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Figure (3-10.28). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 3000 s. 
Figure (3-10.29). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 4000 s. 
Figure (3-10.30). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 4000 s. 
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Figure (3-10.31). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.32). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.33). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.34). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.35). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.36). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.38). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.37). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.39). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.40). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.41). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.42). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.43). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.44). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.45). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.46). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.47). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.48). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
373
Figure (3-10.49). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.50). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.51). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.52). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.53). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.54). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
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Figure (3-10.55). Profile micrograph (from interferometry)  of measurement the height and the 
width of anodic alumina formed  at 50 mA/cm2 at 0 0C in 24.5 wt% sulphuric acid for 5400 s. 
Figure (3-10.56). Profile micrograph (from interferometry)  of measurement the height and the 
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Figure (3-12.1). Load-displacement curve for 19 separate nanoindentation indents to about 1000 











0 500 1000 1500 2000 2500














Test 001 Test 002 Test 003
Test 004 Test 005 Test 006
Test 007 Test 008 Test 009
Test 010 Test 011 Test 012
Test 013 Test 014 Test 015
Test 016 Test 017 Test 018
Test 019 Test 020 Test 021
Test 022 Test 023 Test 024
Test 025 Test 026 Test 027
Test 028 Test 029 Test 030
Figure (3-12.2). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.3). Load-displacement curves for 21 separate nanoindentation indents to about 2000 
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Figure (3-12.4). Load-displacement curves for 25 separate nanoindentation indents to about 2000 
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Figure (3-12.5). Load-displacement curves for 24 separate nanoindentation indents to about 2000 
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Figure (3-12.6). Load-displacement curves for 29 separate nanoindentation indents to about 2000 
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Figure (3-12.7). Load-displacement curves for 23 separate nanoindentation indents to about 2000 
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Figure (3-12.8). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.9). Load-displacement curves for 26 separate nanoindentation indents to about 2000 
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Figure (3-12.10). Load-displacement curves for 24 separate nanoindentation indents to about 2000 
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Figure (3-12.11). Load-displacement curves for 17 separate nanoindentation indents  to about 2000 
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Figure (3-12.12). Load-displacement curves for 24 separate nanoindentation indents to about 2000 
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Figure (3-12.13). Load-displacement curves for 23 separate nanoindentation indents to about 2000 
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Figure (3-12.14). Load-displacement curves for 21 separate nanoindentation indentsto about 2000 
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Figure (3-12.15). Load-displacement curves for 27 separate nanoindentation indents to about 2000 
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Figure (3-12.16). Load-displacement curves for 30 separate nanoindentation indents to about 2000 












0 500 1000 1500 2000 2500














Test 001 Test 002 Test 003
Test 004 Test 005 Test 006
Test 007 Test 008 Test 009
Test 010 Test 011 Test 012
Test 013 Test 014 Test 015
Test 016 Test 017 Test 018
Test 019 Test 020 Test 021
Test 022 Test 023 Test 024
Test 025 Test 026 Test 027
Test 028 Test 029 Test 030
Figure (3-12.17). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.18). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.19). Load-displacement curves for 30 separate nanoindentation indents to about 2000 









0 500 1000 1500 2000 2500














Test 001 Test 002 Test 003
Test 004 Test 005 Test 006
Test 007 Test 008 Test 009
Test 010 Test 011 Test 012
Test 013 Test 014 Test 015
Test 016 Test 017 Test 018
Test 019 Test 020 Test 021
Figure (3-12.20). Load-displacement curves for 21 separate nanoindentation indents to about 2000 
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Figure (3-12.21). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.-22). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.23). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.24). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.25). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.26). Load-displacement curves for 26 separate nanoindentation indents to about 2000 
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Figure (3-12.27). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.28). Load-displacement curves for 29 separate nanoindentation indents to about 2000 
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Figure (3-12.29). Load-displacement curves for 30 separate nanoindentation indents to about 2000 
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Figure (3-12.30). Load-displacement curves for 26 separate nanoindentation indents to about 2000 
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Figure (3-12.39). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.40). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.41). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.42). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.43). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.44). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.45). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.46). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.47). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.48). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.49). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.50). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.51). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.52). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.53). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.54). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.55). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.56). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.57). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.58). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.59). Load-displacement curves for first and fifteenth nanoindentation indents to about 













0 500 1000 1500 2000 2500














Test 001 Test 015
Figure (3-12.60). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.61). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.62). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.63). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.64). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.65). Load-displacement curves for first and fifteenth nanoindentation indents to about 













0 500 1000 1500 2000 2500














Test 001 Test 015
Figure (3-12.66). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.67). Load-displacement curves for first and fifteenth nanoindentation indents to about 
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Figure (3-12.68). Load-displacement curves for first and fifteenth nanoindentation indents to about  
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Figure (3-12.69). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.70). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.72). Load-time transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.71). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.73). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.74). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.76). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.75). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.77). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.78). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.79). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 





























































Figure (3-12.80). Load-time transient of the creep in the first and fifteenth cycles nanoindentation 
















900 1000 1100 1200
Load On Sample (mN)
Displacement Into Surface (nm)
1
[15]UL








































Figure (3-12.81). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.82). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.83). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.84). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation 
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Figure (3-12.85). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.86). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.87). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  






1700 1800 1900 2000 2100 2200
Load On Sample (mN)













































Figure (3-12.88). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.90). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.89). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.91). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
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Figure (3-12.92). Load-displacement transient of the creep in the first and fifteenth cycles nanoindentation  
“tests” in anodic alumina film formed at 50 mA/cm2 in 24.5 wt % sulphuric acid at 20 0C for 5400 s. 
408
Figure (4-7.1) shows anodizing voltage-time responses and its differentiation curves for 
alumina films formed for 5400 s at; 5 mA/cm2 and 0 0C (a), 5 mA/cm2 and 20 0C (b), 10 
mA/cm2 and 0 0C (c), 10 mA/cm2 and 20 0C (d), 20 mA/cm2 and 0 0C (e) and 20 mA/cm2
and 0 0C (f).            





























































































































































































Figure (4-7.2) shows anodizing voltage-time responses and its differentiation curves for 
alumina films formed for 5400 s at; 30 mA/cm2 and 0 0C(a), 30 mA/cm2 and 20 0C (b), 
30 mA/cm2, 0 0C and for 1000 s (c), 30 mA/cm2, 20 0C and for 1000 s (d), 30 mA/cm2, 0 
0C and for 3000 s (e) 30 mA/cm2, 20 0C and for 3000 s (f).            

































































































































































































































Figure (4-7.3) shows anodizing voltage-time responses and its differentiation curves for 
alumina films formed for 4000 s at; 30 mA/cm2 and 0 0C(a), 30 mA/cm2 and 20 0C (b), 
40 mA/cm2, 0 0C and for 5400 s (c), 40 mA/cm2, 20 0C and for 5400 s (d), 40 mA/cm2, 0 
0C and for 1000 s (e) 40 mA/cm2, 20 0C and for 1000 s (f).            

































































































































































































































Figure (4-7.4) shows anodizing voltage-time responses and its differentiation curves for 
alumina films formed for 3000 s at; 30 mA/cm2 and 0 0C(a), 30 mA/cm2 and 20 0C (b), 
40 mA/cm2, 0 0C and for 4000 s (c), 40 mA/cm2, 20 0C and for 4000 s (d), 50 mA/cm2, 0 
0C and for 5400 s (e) 50 mA/cm2, 20 0C and for 5400 s (f).            





































































































































































































































Figure (4-7.5) shows anodizing voltage-time responses and its differentiation curves for 
alumina films formed for 1000 s at; 50 mA/cm2 and 0 0C(a), 50 mA/cm2 and 20 0C (b), 
50 mA/cm2, 0 0C and for 3000 s (c), 50 mA/cm2, 20 0C and for 3000 s (d), 50 mA/cm2, 0 
0C and for 4000 s (e) 50 mA/cm2, 20 0C and for 4000 s (f).            
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